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GUIDE TO PROCEDURES FOR ESTIMATING
THE LIGHTNING PERFORMANCE OF TRANSMISSION LINES

by

Working Group 33.01 (Lightning)

1. INTRODUCTION

The primary aim of this guide is to apply madern
knowledge about various aspects of the lightning
discharge, including the atriking process, the
discharge parametera and the overvoltage disturbance
mechanisms, as well as the related transmission line
overvoltage response, in a set of practical
engineering procedures, whereby the expected
lightning performance of a line may be estimated with
a reasonable degree of confidence.

The principal objective is the determination of the
transmission line total outage rate due to lightning
disturbances taking account both of backflashovers
and shielding penetration flashovers. In order to
maintain a simplified level of approach however,
multiple-circuit/multi-phase flashovers are not
considered in detail. The aim is to present the
background wunderstanding and modelling principles
rather than extensively detailed or complex
analytical procedures and thus discussion has been
mainly confined to aingle-circuit flashovers.

Since a generalised approach is followed in
presenting the overall modelling concepts involved,
these guidelines mai also readily be applied in
addition to outage-rate calculations, to estimation
of the incoming overvoltage surges into stations for
station insulation co~ordination purposes, subject to
the specific simplifications included. The work
consolidated in this document has developed over
about a 10-year period of activity within Working

Group 33-01 (Lightning}., and has also involved active
collaboration with several other working groups,
eapecially 33-06 and 33-07. In addition, informal
co-operation has been maintained with the
corresponding IEEE working group for the lightning
performance of transmiesion lines, in order to ensure
a consistent exchange of information.

Over the years, many lightning performance estimation

procedures have in fact been presented in the
technical literature. In many instances, however,
such procedures have been based on certain
simplifications or agsumptions about the

characteristics of the lightning disturbance process,
which have since been established to have been
inaccurate or incomplete due to the relative state of
knowledge available at those times.

In certain instances, such published procedures have
also been accompanied with comparative data on
observed performance of sample lines, usually
demonstrating good agreement with calculation, or,
more particularly, such calculation procedures have
included empirical adjustment of various constants
that good agreement with observation 1is
achieved. In most such cases therefore, a measure of
mutual compensation of various errors is present in
such empirically adjusted estvimation procedures.

auch

The inclusion of such may 8till allow
effective application of such calculations to lines
of the type employed the original empirical
derlvation, but leaves the calculations fundamentally
with about

lightning overvoltage mechanisms.

errore
in
inconsiatent

contemporary knowledge

Accordingly a basic objective within this guide is to
avoid as far as possible any Buch empiriciem and
especially any such mutually self-compensating
errora. Each important aspect of the lightning
process, or the corresponding overvoltage and line-
response mechanisms, will thus be dealt with
relatively rigorously and independently. In each
case, the relative state of modern understanding
concerning that particular aspect will first be
reviewed, leading to the presentation of appropriate
engineering seimplifications and approximations
whareby that aspect may be effectively represented in
practice. Wherever possible, appropriate sources of
data and suitable subetantiations in the modern
literature will aleoc be cited. Chapters 2, 3 and 4
are thus concerned with presenting the main
background information on lightning climatology and
on the parameters of the discharge — including the
important statistical aspects - together with modern
understanding of the lightning striking process and
the related implications for transmission line
shlelding analyses.

A particular aim here is to avoid the subjectivity
of Beveral contemporary approaches - whereby
“standard" but arbitrarily chosen ‘'worst-case"
lightning parameters (eg 300 kA strokes with 0.6 us
tronts) are specified for calculation purposes, but

which often bear little relation to reality. The aim
im rather to provide sufficient information
concerning the practical range of lightning
parameters and the relative stochastics of
occurrence, such that calculations may be more

objective and more realistically based -
more cost-effective designs.

leading to

Chapter 5 is a central chapter to the guide and
coyprises a review of modern modelling concepts. It
is particularly in this area that previous estimation
procedures have included empirical assumptions, or
simplifications, which are not in line with modern
understanding. Each important aspect of transmission
line modelling is dealt with independently,
involving a short review of the current knowledge,
{backed up by the appropriate literature - including
several Electra and CIGRE papers which have been
published in the course of this work), togethner with
presentation of suitable engineering representations
which have proved convenient and effactive in modern
calculatione.

Aspects dealt with thus include multi-conductor
systems, tower modelling, earth electrode impulse
reaponse, non-standard lightning impulse insulation
atrength representation and impulse corona response.

Chapter 6 is essentially a tutorial chapter, in which
the backflash mechanism is outlined, taking account,

wherever appropriate, of the parameters and
modelling aspects presented Lo the preceding
chapteres. The level of approach ie aimed especially

at simplified practical engineering calculationsa and
includes eimplified procedures for determining the
{ncoming overvoltages to stations.

Throughout this document, the priority is to guide
engineers toward appropriate simpitifications, taking

correct account of the relative sensitivities

"



calculations wmay be
accuracy in
engineering

involved, whereby practical
facilitated, and where a degree of
estimation guitable for normal
applications may reasonably be expected. In addition
however, an attempt has been made to provide
sufflcient detail, including also the appropriate
references, such that those engineers wishing to
carry out more sophisticated dynamic computations may
also be suitably guided as to the choice of reference
parameters and representation of the important
interrelated physical processes.
Concurrent with the preparation of this guide
document, Working Group 33-01 also initiated a
program for agmsembling representative practical
transmiseion line lightning performance data, with
a view to carrying out a seriea of comparative
calculations, both simplified and sophisticated,
based upon the information and procedures presented
in this guide. The overall aim of this latter phase
of the work is to demonstrate the validity of the
general approcach and the relative eensitivity of
several of the modelling aspects involved. Sample
results are included in Chapter 6 for illustrative
purposes. Completion of these anazlyses would take
several years however, and such results will thus
only be available at a later stage.

By way of a guide to this report, Figure 1 providesa
a simple flow-diagram which illustrates the principal
steps that could be followed in carrying out a
simplified eatimation of the total outage rate of a
transmission line due to lightning and shows the main
relationships to the various sections of the report.
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Fig 1 - Steps in mimplified estimation of
the total lightning outage rate
for a transmission line (in
relation to the chapters of this

report).

2. LIGHTNING CLIMATOLOGY

2.1 Introduction

The phenomenology of lightning lnvolves the
frequency of lightning flashes observed over large
spatial and time scalee - including determination of
the maximum and average flashing rates per unit
area, as well as varlaticons in flash characteristics
with location, time of year, and storm type.
Accumulation and consolidation of such data allows
deacription of the lightning climatology for any
particular region of engineering concern., The aim isg
to relate these data both to past observations and to
predictions of the lightning performance &f power
systems {eq. [1,2]).

The purpose of this brief review is to summarise the

broad range of observation techniques currently
used, and to note the possible lightning
climatological data available for practical
calculation purposes. :
In most engineering applications where lightning

disturbances may be of jimportance, it is usually
sufficient {if not unavoidable due to the lack of
better data), to base regional climatology upecn
average quantities. However, since thunderstorm
occurrence and lightning incidence are usually also
stochastic in character, it ie necessary to establish
such average indices {and preferably their dispersion
as well), over comparatively long periods of
analysis. This in turn frequently presents problems
of reliable measurement and consistent long- term
data acquisition.

The extent +to which a meaningful lightning
climatology may thus be available for any particular
region (i.e. for engineering purposes), is therefore
dependent upon the nature and availability of useful
data. At  present, this varies considerably
throughout the varlous regions of the world.

2.2 Measurement Possibilities

Historically, most of the available information on
lightning characteristics has been obtained from
localised ground-based obaservations. It has only
been over the past 10-15% years, with the advent of
satellite observations, that preliminary global data
have been acqulred which illustrate diurnal,
latitudinal and seasonal variations in lightning
activity across the world [3].

Such data are still rudimentary - due to limitations
of gpatial resolution and the seneitivity of the
optical sensors generally employed. In addition,
measurements of this type have as yet only been
carried out over a few seasons. Nevertheless,
preliminary trends may be identified [4]:

- the majority of global thunderstorm activity i=s
concentrated over the land areas [subject to local
and seasonal variations}

~ irrespective of season, global lightning activity
generally peaks over the late afterncon to dusk
period (local times}.

- there ls a pronounced latitudinal variation in
global activity, aa a function of season, peaking
over the respective regional summer months, but with
significant levels of activity still being observed
in winter regione.

- analysis of lightning flashing rates over the year
indicate a global average rate lying in the range of



50/100 up to about 300 flashes pear second, depending
upon whether optical or radio-based methods of
patellite observation were employed.

2.3 Ground-based observations

In general, the majority of lightning flashes are
intracloud, and only a relatively small proportion of
flashes reach the ground. Since most engineering
problems associated with lightning relate to ground
flashees, the latter have been the principal focus of
ground-based observations — and are also the main
concern of this document. It is wsufficient
therefore, to note that the ratioc of c¢loud to ground
flaahes, NC/N , varies considerably over the globe -
ranging from a high of over 6 in the tropicas, to
about 2 in near—-polar latitudes {5].

The primary requirement in most engineering analyses
ia the number of lightning strikes per unit time per
unit area, or reglonal ground flash density (usually

expressed as an  apnual average, N ). Sevaral
important alterpative bases of obsgrvation have
been, or are currently applied in characterising

regicnal ground fiash activity:

2.3.1 Thunderstorm day {(keraunic level) (Td}

Thie is Btill perhapa the most widely available index
of average regional lightning activity (with data
having traditionally been assembled in many parts of
the world for many years). Although of limited
englineering wvalue due to the poor correlation
between the occurrence of storms and the actual
regional ground flash density, when no other data are
available, the keraunic level may be used as a guide
to the relative activity in any particular region (as
presented in 2.3.3 below).

World map of keraunic level (World

Fig 2 -

Meteorogical Organisation, 1956}.

Figure 2 {llustrates the global distribution of the
annual number of thunderstorm days, [6), while Figure
3 demonstrates how rigorous monitoring of this
particular parameter may be applied to produce a
detailed map for a specific region [7].

2.3.2 Thunderstorm duration (T

h!

Thunderatorm duration data have also been acquired
in several regicns of the worid (eg [8]}. While
broad variations are still evident {(i.e. statistical,
seasonal and regional), comparative analyses
indicate that there is a positive correlation
between storm duration h (houre) and ground flash
denaity - which can be approximated as [9,10];
flaahea kJ'r\"2 yt‘:ar‘1

H = ($.0% h
g9

E: 1.5 Flosh /km? —year
@ 2.5 Flgsh /km? —year

4 Flash fkm? —yeor

Flg 3 - Annual lightning flash density of
Italy.

Figure 4 illustrates application of thunderstorm

duration data to the derivation of regional

variations in approximate ground flash density over
the United States [10].

Ursn Lrromt Gt itk Deansy
Hiyarnatt

nl oL ! i

T i3
Fig 4 - USA annual lightning flash density
estimates based on thunderstorm
annual duraticn [10]).
2.3.3 Lightning Flash Counters
These instruments have had a long history of
development, calibration and evaluaticn, notably

within the CIGRE forum [11].
the specific information available on ground flash
density has been acquired through the applicaticen of
flash counters in various countries. Provided a
rigorous basis of calibration and ground £lash
discrimination is available, flash counters may he
readily applied over a suitable period of time to
in average ground
if sufficient

Until recentiy, most of

determine reglonal variations
flash density and even ite diepersion,

data are collected [12,13].



Figure 5 {lluatrates the collated resulte of such
measurements, as applied over a large scale, and over
more than 10 years, in South Africa [14]. Regiocnal
variations in N_ from less than 1 to more than 12
flashes /kmzlyr, are apparent on a comparatively
emall geographic scale. Analysis of the disperaion
in  annual observations of N_ at any one location,
indicates that this may be approximated by a normal
distribution having an average standard deviation
given by [15].
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lightning ground flash density in
South Africa (1975 — 1986).

Analysis of the correlations amongst such annual
registrations of thunderstorm day, Td' and regional
ground flaeh density N_, drawn from some 60 stations
distributed over Soutg Africa, over a period of 6
years, yields the approximation [12];

1.25

N =

q 0.04 T4

In the absence of directly measured ground flash
deneity data, this relation may be used to estimate

Ng from available thunderstorm-day data.

2.3.4. Lightning Location Systems

The development of automatic lightning location
systems over the past 10 years has greatly
facilitated ground-based analysea of lightning

characteristics and activity. Two main types are
currently heing applied to such measurements;

- gated wideband magnetic direction-finding
aystems
- time-of-arrival lightning location systems

10

Although still requiring careful calibration of
thelr diecriminatlon characteristics, such systems
have a long effective range (up to about 400 km},
and, when combined into a network of stations with
on-line proceseing and data acquisition, are capable
of providing extensive information over large areas,
including both regional and seasonal variations in
lightning characteristics [16,17]).

éréiiminary comparisons amongst data acquiréd from
such location systems in various parts of the world
{including Canada, Norway, U5 East Coast, Japan
and South Africa) have indicated several consistent
trends in lightning characteristica [18,19];

- the majority of ground flashes are of negative
polarity (about 90% averaged over a year)

- reglons experiencing winter thunderstorms also
experience a pronounced increase in the occurrence of
positive ground flashes during winter (typically over
50 % of all ground flashes during such storm perieds,
as in [17}).

- negative ground flashes are more often of
multi-stroke character, but with a tendency toward
more singie-stroke flashee during the winter months

- poeitive flashes are predominantly single-stroke

- the distributions of recorded peak magnetic field
amplitudes appear to be eimilar in various parta of
the world. When calibrated against the median of the
CIGRE reference current peak amplitude distribution
[20], only about 5% or less of negative flashes
invelve currents in excess of 100 ka.
flashes appear to involve higher amplitude peak
currentse (median value arocund 45 kA}, with a small
prospect atill of attaining peak values higher than
about 200 kA (approx. 1Wv).

Positive

Automatic lightning location systems alsoc allow
analysies of short-term variations in ground-flash
flashing rates, over areas of immediate storm
activity [21]. Over the short term (5 - 30 minutes),
in areas having an N_ range of 6 - 12 kmzlyear, mean
flashing rates of ?he order of 4 -~ 10 per 1000
s8g.km/min could typically be encountered across local
areas of about 1900 - 2000 sqg.-km. Over longer
periods of observation {(ie. typical storm durations
of 1 - 3 hours), and over larger areas, {1500 - 4000
8q.km}, the average flashing rates could reduce to
about 0,5 per 1000 aq.km/min. Comparable
observations of average intervals between flashes
within local areas have also been recorded earlier,
using eimpler methods of registration [22].

A8 a general comment from an engineering point of
view, the prospecte of any one particular sguare
kilometre being struck even once, in the vicinity of
an active satorm, relatively (typlcally
around 1-10i/storm in areas with Ng in the range of
& -12).

are low,



2.4 Avallability of lightning climatological data

Bagsed on the information reported toe WG 33-01,
relatively detailed lightning ground flash density
data have been acquired, or are currently still being
accumulated, in the countries lismted in the following
table 1:

Flash Location
Counters Systems
Argentina X
Australia {Queensland) X X
Austria X
Belgium X
Brazil (Minas Gerais) X X
Canada X X
Czechosliovakia X
England X X
Federal Republic of Germany X X
France X
Finland X X
Halland X X
Italy X
Japan X X
Mexico X
Norway X X
Rumania X
South Africa X X
Sweden X
Switzerland X
USA (East Coast especliaily) X X
USSR (selected regions) X

The pericode of time over which such data have been
agsembled, however, and the corresponding areas of
geographic coverage, vary considerably from case to
case.

3. LIGHTNING PARAMRTERS
3.1 Introduction

The lightning flash is categorised by the polarity of
the cloud charge and the direction of propagation of
the flash leader. Hence there are four categories of
lightning fiash to ground in which the developed
leader im followed by a return-stroke
impulee, namely:

current

Downward Flash

Positive
Cloud Charge

Negative
Cloud Charge

Upward Flash

Positive
Cloud Charge

Negative
Cloud Charge

On average, [20] at least 90% of downward flashes are
of negative polarity, with some 45-55% of flashes
comprising only one stroke. Multiple stroke flashes
seldom involve more than 10 etrokes (less than 5%),
and generally average three strokes per flash,
typically at intervals of less than 50 ms per stroke.

Upward flashes occur mainly from very tall structures
or mountain-top installations. The majority of
transmission line structures are of only moderate
height (typically less than 60-100 m) and will not in
general be subject to upward flashes [32]. Thina
report therefore concentrates malnly on downward
flashes and although it is recognised that poaitive
ground flashes are experienced in varying degrees
(typically 10% or less) in different climatic regions
of the world and seasons of the year, the report
largely focuses upon the more prevalent negative
diecharge.

Available data on lightning parameters and waveshape
characteriatics have been previocusly reported [20].

This report concentrates wupon those parameters
particularly required for lightning performance
studies, and updates earlier information where
appropriate.

The lightning flash may contain several 1lightning
strokes whereby the first stepped-leader/return-
stroke sequence is followed in short succession by a °
series of one or more subsequent strokes. Each
stroke comprises a dart-leader and return-stroke
sequence that generally follows the breakdown path of
the first astroke. Lightning protection systems for
transmission 1lines muset therefore be capable of
withastanding the effects of a series of lightning
strokes to the same location within a short period of
time. Each lightning stroke is considered an ideal
current source of infinite source impedance and the
parametera contained within the incident {impulse
current waveshape determine the transmiseion network
regponse. These waveshape-parameters include the
peak—current amplitude {crest value), time to crest,
ateepneas and duration. Alsc of importance are the
polarity, time interval and number of incident
strokes within each 1ightning flash.

3.2 Waveshapes

The waveshape of negatlve downward stroke discharges
measured at San Salvatore have previously been
analyzed and comprehensively summarised [20,23}. In
the earlier analysis, the front characteristics were
defined in terms of the maximum rate of rise of
current. The wavefront characteristics were studied
in more detail in the later publication, and several
additional parameters were introduced as defined in
Figure 6. Note that the statistical parameters based
on the 10% intercepts will consistently be lees
reliable than the 30% values, due to the use of & 2kA
reference level f{or measurements. For engineering
purposes therefore, the 30% based parameters should
generally be used, as Iindicated in the following
sections. The frequency dlstribution of these
additional impulse front parametere is summarileed in
Table 2, assuming a log-normal distribution of
variables, where the general eguation for the
probablility density for any particular parameter x is
given by

1 —(z2/2)
fixy = e
(2ry ¥ bx
where z = 1ln (x/M
I5]

M is the median parameter wvalue and A 1s the slope
parameter or logarithmic standard deviation (base e).
The mean value of any parameter may then be expressed
ans

u =M exp (32/2)



For example the median value of the tail is 77.5 us

but the average or mean is 91.5 us.

Table 2

Parameters of Log—Normal Distribution

for Negative Downward Flashes

Parameter Firet Stroke Subsequent
Stroke
M n H i

Front, uS

tle = Tlo/O.ﬁ 5.63 0.576 Q.75 0.921

tasa = T30/0.6 3.83 0.553 0.67 1.013

Steepness, kA/uS

Sm, Maximum 24.3 0.599 9.9 0.852

Sygr at 10 2.6 0.921 18.9 1.404

310/90, 10-90% 5.0 0.64% 15.4 0.944

830/90, 30-90% 7.2 0.622 20.1 0.967

Creat Current, kA

Iy, Initial 27.7 0.461 11.8 0.530

IF' Final 31.1 0.484 12.3 0.530

Initial/Final 0.9 0.230 0.9 0.207

Tail, Lho HS 77.5 0.577 30.2 0.933

Charge, QI‘ [of 4.65 0.882 a.938 |0.882

flz dt kA 25 Q.057 |1.373 0.0055|1.366

Inter Stroke

Interval, ma 35 1.066
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Fig 6 - Definition of front parameters for
a lightning current impulse of

negative polarity.

Normalisation of digitised records of first and
subsequent stroke discharges have yielded the median
impulse current characteristica shown in Fig 7. The
medlan wave talls (tlmes to half value) associated
with these events are 77.5 ps (first stroke) and 30.2
s [(subsequent stroke}, respectively.
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a) First strokes
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The waveahapes of positive stroke discharges are all
derived from limited measurements of single-stroke
upward flaghes [23). Positive peak currents are
larger than negative peak currents (see 3.3). The
positive impulses, however, are slower than negative
impulses with msan time to crest, time to half value
and steepness (“1/dt) max, of about 22ue, 250 s and
2.4 kA/us, respectively.

3.3 Crest Value of Stroke Current

{a) Negatlve firat atroke

The original study of the frequency distribution of
peak current amplitudes for negative downward flashes
to structures lese than 60 m in height, was derived
from 338 observations from warjous regions of the
world. [20]. New data from the Socuth African 60 m
mast and 11 kV distributlon project [12] have been
incorporated into the original "global" sample -
yielding 408 observatlons. The resultant frequency
distribution ie shown in Figure 8 with a wedian



amplitude of approximately 33 kA. No values within
the total sample have exceeded 200 kA and the one
percentile level ls approximately 130 ki with five
strokes exceeding 100 kA.
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Fig B - Cumulative frequency distribution
of lightning current amplitudes

for negative downward flashes.

The distribution may be represented by a log-normal
approximation as defined above, with the following
parameters:

M = 31.1 kA

B = (.4B4

ha previously noted [20]), in such a log-normal
representation, the measured distribution may be
better approximated by two satraight lines drawn
through the measured data, as shown in Figure 9, that
conveniently group the data, approximately, Iinto
shielding faillure and backflash domains,
respectively, and may be expressed ln terms of the
following log-normal parameters:

Parameter 5hielding Failure Backflash Domain
Domain (I < 20kA) (I > 20kh)
M 61 33.3
B 1.33 0.605

The shielding-failure domain comprises peak current
amplitudes lesa than 20 kh and the packflash domain
comprises those currents above 20 kh.

An alternative and simpler representation is that
gsuggested by J G Anderson [24], and adopted by the
IEEE [25] where

1
1+ (17313276

p(I) =

The distribution is shown in Figure 10 and follows
the trend of the CIGRE two-line distribution
comparatively well, except at the extremes, where the
cbeerved confidence limita are in any case gquite wide
(see Figures B and 9).

It is recommended that either of the above forms of
distrlbution is adopted, as convenient for simplified
calculation purposes, to represent the distribution
of peak-current amplitudes for negative downward
flashea in the normal range of structure heights.
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Fig 9 - CIGRE approximation to the
measured distribution of negative
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Fig 10 - Reference distributions for
negative lightning current

amplitudes.

{b) Negative following strokeas

In general, there are no correlations between firet
and subsequent—stroke peak amplitudes, although
subsequent atrokes tend to be significantly lower in
amplitude, attaining on average only about 40% of the
first stroke peak.

Within the shielding-failure domain of flash peak
currents, however, the available data suggest about
a 12% probability of subsequent strokes having larger



amplitudes than the associated first atroke with
factors up to 200% having been observed (eg,
aubsequent stroke of 24 kA for 12 kA first stroke}
{26].

No subsequent-stroke amplitudes in exceas of 80 kA
have been observed within the available sample of
recordes for negative downward flashea. The resultant
frequency distribution may be approximated by a log-
normal representation with the parameters

M = 12.3 kA

n = 0.53

{<) Positive Strokes

Typically, less than 10% of the total number of
lightning flashes to ground are of positive polarity.
The limited number of direct 1lightning current
recordings does not permit a ¢lear separation between
upward and downward flashes. In consequence there is
no comprehensive source of data available on impulse
characteristics for positive downward flashes. The
combined data base for all positive flashes from
Italian and Swiss results (27] is shown in Figure 11
together with the CIGRE reference distribution for
negative first strokes. Pogitive-flash current
amplitudes are generally greater than those for the
negative distribution. This trend is confirmed in
‘comparative lightning field-change data from meveral
large lightning-location projects (16,18}, where the
peak signal strengths for positive flashes, except
for small discharges, are considerably higher than
those for negative flashes. If the return—stroke
velocity is similar for both polarities, then the
peak currenta for positive flashes are typically 1.6
to 2 times the peak currents for negative flashes,
for median amplitude aignale.
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Fig 11 ~ Example of distribution for
positive lightning current,
Derived from Italy and Switzerland
data.

The proportion of positive to negative flashes is
higher in autumn/winter. However, in most regions
the majority of all flashes occur during summer
monthe. Until more data become avallable for the
parameters of positlve flashesa, it is .accordingly
suggested that these events be disregarded in normal
lightning-performance studies. Their relative
incidence is generally low enough not to be of major
concern, except perhaps on very tall structures (H >
200 m), or in those reglona experiencing frequent
winter thunderstorma.

3.4 Time to Crest

(a) Negative first stroke

The front durations td measured between 2 kA and the
first peak of current for negative first strokes are
compared below with "front times" derived from T10
and T30 parameters from Table 2.

First-Stroke % Cases Exceeding Tabulated
Front Duratlon Value
95% 50% 5%
ty ue 1.8 5.5 18
td10=T10/O.B HE 2.2 5.6 14
td30=T30/0.6 us 1.5% 3.8 10
Median front durations from t, and t distributiona-

are almost identical although the dispersion is
slightly reduced for t410- The taa0 front times are
lower because of the generally concave shape of
first-stroke current Impulses. For practical
calculation purposes, it ls recommended that the
parameter t,., be adopted.

[§:3) Negative following strokes

Front-times of negative following strokes are
generally much shorter than those of first strokes as
shown below:

Following~Stroke % Caeea Exceeding Tabulated
Front Duration Value )
95% 50% 5%
ty HE G.2 1.1 4.5
td10=T10/°'a 8 c.1 0.8 3.8
ta30=T30/0-6 = 0.2 0.7 3.0
Smaller disparity between the front-duration

distributions indicated above are due to the reduced
front concavity of subsequent negative strokes.

For practical calculation purposes, it is recommended
that the parameter td30 be adopted.

3.5 Steepness

(a)

Negative first atroke

Steepnesa parametere for negative first strokea are
summarised below:

Following-Stroke % Cases Exceeding Tabulated
Front Duration Yalue

95% SOy 5%
s KA ps 1 1.7 5.0 14

10/90 H v :
-1
530/90 kA pe 2.6 7.2 20
Sn, kA we ! 9.1 24 65
510/90 and 530 op may he regarded as average

steepnedss parameters while Sm representa the maximum

rate of rise of current on the wavefront. High



values of steepness occur for only short durations of
the wavefront, which explaine the large difference in
average and maximum steepness parameters.

Forx practical calculation purposes, it is recommended
that the parameters 530/90 and 5 be adopted.

Steepness parameter distributions may also each be
repreaented by a log-normal approximation (see Table
2).

(b) Negative following strokes

Although the crest values of subsequent strokes are
generally lower than first-stroke amplitudes, the
respective steepness parameters {in contrast) are
signilficantly higher, and exhibit wider dispersion as
shown below.

Following-Stroke v Cases Exceeding Tabulated
Front Duration Value

95% 50% 5%
s kA pet 3.3 15 72

10/30 b .
-1

Si0/00 KB HB 4.1 20 99
S, XA ps ! 10 40 162

The distributions of the steepness parameters for
following strokes are all essentially similar to each
other (Bee Table 2), implying a significantly less
pronounced degree of concavity of the wavefront,
compared with those of first strokes.

For practical calculation purposes, it is recommended
that the parameters 530/90 and Sm be adopted.

3.6 Duration (Time to Half Vvalue)

Stroke durations measured at San Salvatore have
praviously been defined as the time interval between
2 kA on the wavefroat and the point on the wavetail
where the current amplitude hae fallen to 50% of its
crest value [20,23]. This data, shown in the table
below, is adequate for line-performance studies where

the tall of the current impulse is of minor
importance.

Stroke Duration % Cagep Exceeding Tabulated

Value
th
95% 50% 5%

Negatlve first

stroke 30ua 77.5u8 20Cus

Negative following

stroke 6.5us 30.2us 140us
3.7 Multiple Strokes
The incidence of multiple-stroke flashes varies

considerably both by region and by season of the
year. On average, approximately 45% of negative
flashesn gtroke (20].,
although during winter months the percentage may
increase to approximately 80% [18]. The mean number
of strokes per flash is 3 and fewer than 5% of
negative flaehen than 10
strokea per flash, typically separated by less than
50 ma strokes. The inter-atroke time
interval may be log-normal
approximatlon {see Table 2).

downward contain only one

downward involve more
between
represented by a
There does not appear

to be a correlation between the inter-stroke time
Intarval and the peak current amplitude of the
stroka. The duration of a negative downward flash is
represented by a medlan M of 200 ms and diapersion 0
of 0.69.

More than 90% of poesitive flashes, as observed in
lightning-location projects, are single-stroke [18].
The 1limlted pumber of direct lightning current
impulse recordinge of positive flashes are all of
single strokes [27].

3.8 Correlations and Derived Statistics

In many system lightning-performance studies, the
most important lightning waveshape parameters are
those relating the wavefront (or steepness) to the
peak amplitude.

The observed correlation coefficienta between the
crest currents and front times and front steepnesses
are presented in Table 3. The brackete denote those
coefficients which are below the critical values at

the five percent level of significance.

Table 3

correlation Coefficients between Front Parameters

and Initial and Final Peak Current Amplitudes

T10 ta  [S10 [F10/90| 530790 Sm

First
Stroke

I 0.40 0.40 [ 0.47 [|{0.12)] (0-19) 0.43

Ip Q.33 0.33 |0.45 |[{0.06}]| {0-.17)] 0.38
Subsequent |
Strokes

I {0.15) {0.00)| (0.05) 0.31 0.231] 0.56

{) denote those coefficients that are below the
critical values at the 5% level of significance

Using these correlation coefficients and the
statistics presented in Table 2, other statistics
which may be useful in lightning performance studies
can be derived. The derived statistica for the first
and subsequent strokes, presentaed in Tables 4 and 5,
are in terms of the median, M, and the slope
parameter or logarithmic standard deviation (base

*g"y, B, for the log-normal distribution. These

derived statistics are:

1. t, =1 /Sm defined as the minimum equivalent
front or time-to-crest

2. Conditional distributions of Sm/IF' tm/IF,

IF/tm, td/IF, and IF/t where, in definition,
x/y ie the distribution of the random variablie
x given a specific and constant value of y.

For subsequent strokes (Table 5), the correlation
coefficient as per Table 3 between t, and I is zero.
Also, the derived correlation coefficient between t
and I is essentially zero. Therefore, the
conditional distributions of t /T, td/IF and IF/tF
may be taken as equal to the aingle or marginal

distributions of tm’ td and IF regpectively.
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Table 4

Summarised Parameters of Log—-Normal Representation for Characteristice

of the First Neqgative Downward Strokes

Range of Application
Parameter 3 s I <20 ka I > 20 kA
H n M n
Ipe Final Crest Current, kA 61.1 1.33 33.3 0.60S
5,+ Max Front Steepness, kA/ua 24.3 0.5%9 24.3 0.599
ty3gr Max from 30/90%, s 3.83 0,553 3.83 0.553
Derived Diatribution
t = IF/sm’ Min Eq Front, us 2,51 1.23 1.37 0.670
0.171 0.376
s, Iz, Conditional, kh/ps 12.0 1 D.554 6.50 I 0.554
0.828 0.624
t [ 1., Conditional, upe 0.0834 I 0.554 0.154 I 0.554
m “F F F
| 0.962 0.508

1. tm' Conditional, kA 25.2 tm 0.597 28.4 tm 0.500

f ditfonal 1 o-188 0.494 o6 1o 4t
thO xr, Conditional, us <77 IF .4 0.9 IF 0.494

1.08 0.492

IF|tf, Conditional, kA 14.4 t 1.184 17.2 te 0.5490
Correlation Coefficients

B (tyrIg) 0. 45 0.45

pe (to, Tp)e 0.89 0.56

* derived statistie

Table 5

Sumwmarised Parameters of Log-Normal Representation

for Characteristices of Subsequent Strokes

Parameters M B

IF, Crest Current, kA 12.3 0.530

Sm, Hax Front Steepness 39.9 0.852

Derived Distributicns

tm = IF/Sm, Min Eq Front 0.308 ¢.708

ua

0.900

Sy Ips Conditional, kA/pa [4.17 Ip 0.706
0.998

tm IF‘ Conditional, ue 0.240 IF 0.706
0.0559

IF tf, Conditional, kA 13.1 t£ 0.529

Correlation Coefficlents

Peltyiip)e 0.0747

* Derived statistic

3.9 Analytjcal Representation of the Current Shape

3.9.1 General

In accurate calculations of the lightning performance
of equipment it may be necessary to simulate the
concave front in the 1llightning stroke current
representation. The fundamental requirement in such
a elmulation is that it provides:

- the correct amplitude of the current

— the highest steepness close to the peak ampiitude
(taken here as at Igo)

- for first strokes the correct average steepness
expressed as the front time passing through the 30%
and the 90% values of the current. This front time
muat be larger than the current amplitude divided by
the maximum steepness, thue resulting in the concave
ahape. For subsequent strokes this parameter may be
neglected.

Many mathematical expressions may be suitable to
fulfil these requirements and the one given here is
only one proposal. Ite disadvantage is that the
current front and the current tail are not described
by a single expresaion, but are separated into two

parts, one describing the front up to 90% of the
amplitude, the other, the amplitude range on the
tall.



3.9.2 The Current Front

The current front of the first strokes can be
expressed as

1 - At + Bt"
The basic assumption is that the current shape
reaches the inatant of maximum steepness (90%

amplitude) at a time t_ dependent on the exponent n.
In principle, both variables have to be evaluated by
an iterative solution of the generalised equation.

(1-3x/25,) (1-x)" = x{n-1)/25 + (1-3xn/25,)(1-x,
with
Sy = Sq Egfli Xy = 0.6 e/t
I : current amplitude
5, maximum steepness
te 2 front time

However, a sufficiently accurate solution ie given by

n = 1+2(sH—1)(2+1/sN)
and

N 2 2
t, = 0.6t [JSN /(145 ﬂ

The constante then are:

0.9 1 ;
8¢ .- S
n

5 .t_ - 0.9 4
n

A I
n-1
1

B =
n
t, (n-1)

For subsequent sBtrokee the current front is given
by:

1= Sm.tf

3.9.3 The Current Tail
The fundamental requirements for the current tail are

- to have the maximum steepness at its beginning
thus providing a steady transition from one part to
the other

- to reach the correct amplitude value

- to describe the current tail. In order to avoid

iterative procedures, the last requirement is not

mathematically correctly fulfilled in the following

proposal, but absolutely sufficient for practical
purposes.

A puitable expressicon 1s

- ‘(t~tn)/t1 -{e-t_)/t,
= I;e -Ize

tl' ty ok time constants

Ilr I2 : constants

ty : time-to-half value

The constants are

£, = (th—tn)/an

t, = 0.11/5_

Al DRE XN
2

Iy = :1;22 {S * 0'9%
172 1

3.9.4 Example

The average values of a firet stroke are:
I = 31 9.8
s, = 26 kA/us
tf =3 ue
t, = 75 HB

For thls current the following constants are derived:

B.29

= 3.24 kp/ys
= 31.65.10

= 4.67 us

front:

kAa/ue

rom o3
I

tail: = 105 ps
= 0.12 ue
= 31 kA

= 3.1 kA

o E
[P

The resulting current shape is shown in Fig 12
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Fig 12 - Analytically derived 1lightning
current impulse, showing the front
parameters.
I : Impulse amplitude
s : Maximum rate of rise
te : Equivalent front duration

3.10 Comments con the Selection of Parameters

The downward negative flash is considered the most
important discharge process that affects the
lightning performance of transmission lines., It is
therefore recommended that parameters describing the
downward negative flash are used to calculate the
lightning performance of lines, unless regional
and/or seasonal differences are xnown to affect
sericuasly the ratioc of posltive to negative flashes
(typically 10%) at a particular location. Under such
circumatances, more direct data should be mought to
characteripe the particular poeitive flashes, or
published data on positive flashes ghould be utilised
[23], [27}-

For practical applications it is recommended that at
least the probability distribution ie used for the
current amplitude, and the median value Y {far the
correaponding value of current} is used for the
maximum ateepnese S . the front-time td3o and the
time-to-half value t For sophisticated
calculatlons ae in Honte Carlo the
diaperslon B around this median value may also be
Iincluded.

more
precedures,



4, LIGHTHNING STRIEKE INCIDENCE AND TRANSMISSION LINE
SEIELDING

4.1 Introduction

The purpowme of this chapter is to provide suitable

engineering procedures for two specific objectives;

the of

- estimation of incidence

strikes to lines

lightning

- procedures for locating shield wires, such as
to reduce to an acceptable level the risk of a
flash terminating on a phase conductor and
causing flashover of the line insulation.

In both inatances, the procedures presented are based
on conaideration of the physical processes involved
during the final stages of progression of a charged
downwardly progressing lightning leader (usually
assumed negative) in its approach to the earth, or
toward structures auch as a line or transmission
tower. These complex processes and the role of
structures have been extensively studied by a variety
of workers over more than 50 years, ranging from the
ploneering work of Schonland, Golde, Berger and
Wagner, [28], to the contemporary setudies still in
progress (such as the work of Dellera and Garbagnati
[29], and Eriksson (30,31)).

Over this period, a large number of analytical and
empirical models have been postulated and applied to
the practical problems of line design and lightning
performance estimation, loosely collected under the
term "Electrogeometrie Modelling” {EGM}. At various
stages, attempts have alsc been made to relate or
calibrate such estimations against practical service
performance.

Despite this extensive background experience, given
the complexities of the physical processes and the
vagaries of lightning atochastics, there is yet no
general conpensus on appropriate analytical
repregentation of the laet stages of a lightning
strike to a structure.

Against this however, by now there has alsoc been wide
practical experlience with simplified EGM procedures
in many operating transmiesion schemes, generally
with wsatisfactory aeervice performance. A3 a
practical compromise therefore, taking account also
of current diescussions within both the related CIGRE
and IEEE working groups {and the associated modern
literature), this chapter summarisee a simplified
approach (based in part on a common version of the
EGM), which ie relatively easy to apply and which is

generally conservative in relation to service
reliability.
4.2 Background and Physical Concepts

Fundamental to EGM approaches ia the concept of
"striking diastance"; originally coneidered as that
critical distance between an object on the earth (or
the earth) and a lightning leader, within which the
leader must approach before the point of strike is
determined.

More recently, based upon detailed observations of
lightning strikes to inatrumented research towers
[23,27,32}, it is now generally accepted that the
final etages of a downward progressing lightning
strike involve two critical aspects;

a) sufficlently close approach of at least one
branch of the downward leader, to cause
initiation o©of an wupward rising connecting
leader, through attainment of a critical

electric field a“ the tip of the object being
appreoached

b) succesaful completion of a process of
interception between the downward and upward
progressing leaders.

Both a} and b) are necessary conditions for

terminatlon of a strilke upon a structure or a

conductor, or even to the ground.

Nowadays, attalnment of condition a) is more commonly
regarded as corresponding to the “striking" distance
- gince the potential to strike is defined at this
point — but thle condition 1s no guarantee of an
actual strike, aes demonstrated by photographe of well
developed upward leaders from structures, which have
been provoked through the approach of charged
downward leaders, but which have failed to intercept
[232].

In reality, a descending lightning leader has a very
large vertical extent {typically 5-10 km} and is alseo
extensively branched both in the cloud and below,
exhibiting on average 3-5 major branchea between
cloud base and ground. The extensive spatial
diestribution of charges acrosa these variocus branches
and the geometric extent of the leader structure,
together determine the prevailing electric fields at
ground level and in the vicinity of structures, such
that the striking distance criterion can be attained
at several independent points or structures upon the
ground, during the approach of a leader. Field
analyses readily show that it is this wide spatial
distribution of chargea (and their integration}, that
principally determine the atriking distance, for a
particular flash, rather than only the charges
concentrated within the cloud.

tThe main problems lie in analytical description of
the final interception phase (b), sometimes termed
the "final jump"™ (although this may 8till involve
several leader steps) and in consideration of the
influence of structure geometry upon this process.
The final interception, which may effectively involve
"competition" amongBet several relatively
independently located upward leaders [le giving rise
to "root-branching"} and the distance over which it
takes place, is mainly determined through the local
distribution of charge upon the nearest approaching
branch element of the main leader, together with the
development of the upward connecting leader and the
local welectric field distribution axound the
structure.

Various models setting out to represent thie phase

include especially the work of Dellera and hie
colleaguea [29], and that of Eriksson [31,32]), (both
employing the "leader-progression" approach), and
generally require gquite complex analyses. The

geometric volume arcund a etructure within which this
procees of interception takes place, represeants the
"attractiveness" of the structure to lightning and
may be expressed through elther a "lateral distance”
[29]), or the "attractive radius" (30,31], depending
upon the model involved; (in each case, valid for a
particular value of leader charge, or the equivalent
stroke current).

In terms of these conceptse, analysis of protective
effecta, such the role of shield wires,
effectively thus requireasa analyele beoth of the
etriking dietance D_ and of the geometric capture
zone or attractive radius Ra'

R
a

as
Invariably also, DB >

In many waimplified EGH, however, no particular
distinction is made between DB and R, . More usually,
the "striking distance" terms employed in these EGHM
are Intended to represent equivalent geometric zones
of capture.



Hore generally, it ie also evident that a structure

will have a eignificant {influence on both the
striking distance and on the attractive radius, in
the extent to which the structure geometry
{eapecialiy 1its height) influences and further

enhances the electric fields associated with the
approaching leader charge distributions, thereby
contributing to initiation of the upward leader and
to 1te further development. Thise is thus another
important aspect ag  yet been
satisfactorily taken into account in most of the
simplified EGM applied in common practice, but which
is taken inte account in “leader progression®
medelling.

which has not

A secondary problem is to relate either of these two
distances to the prospective lightning stroke peak
current amplitude, which haa been the traditional
basis of the many simplified EGM.

In reality, the phyaical processes are all charge
driven and it would be more reascnable to relate the
distances involved to the leader charge amplitudes
and/or to thelr distributions. In practice however,
this is not really feasible and it is necessary to
segk a relation to the ensuing stroke current.

In the event of a strike, the resultant peak current
is determined by the impulsive discharge of the
closest leader elemente alone, typically within some
200 - 1500 m return stroke propagation distance only,
as may be readily estimated from consideration of
return setroke parameters. Thie implies the prospect
of relatively poor correlation between the striking
dietance {mainly macro-charge related} and the etroke
current (mainly local charge related).
Nevertheless, deapite these various and
limitations, the aimple EGM procedures  depend
essentially upon the joint premises of a lightning
"striking distance" D, and of a functional
relationship to the (prospective) return stroke peak
current amplitude I, of the form;

problems

b
Dﬁ = AI

(1)

where A and b are constants,
through empirical calibration.

normally determined

4.3 Bstimation of Strike Incidence

Dellera and Garbagnati [29} have applied their
dynamic leader progression model to analysis of the
attractive effecta of a variety of representative
transmission line arrangements, yielding general
curves of expected average strike incidence, in
relation to line average height, as shown in Figure
13 (FLAT). This analysis also takes into account
alternative topographical mituations, such as lines,
located either on the slopes or ridges of mountalns
({e, SIDE or TOP).

Similarly, im an independent study [30Q], Eriksson
derived a generalised expression for the average
attractive radius on each side of a transmission
line, based jointly upon a simplified leader
progression model and upon analysis of the observed
incidence of 1lightning strikes to a number of
practical transmission lines, given by the equation:

0.6

R, = 14 H. {meters)}

a (2)

where HT = average tower height in m.

For estimation of the expected average incidence of
strikes to a line therefore,

N. =N

L g (2 R+ b) /10 (atrikes/100 km/year} (3}

a

where N_ = regicnal ground flash density

line width in m

Thie expressloa ls aleo plotted in Figure 13 and
shows comparatively good agreement with the trend for
FLAT situatlions - lying marginally higher, as would
be expected for practical transmiesion situations
which would generally involve a degree of elevated
exposure. Dellera and Garbagnati have extended their
analysis to demonstrate that the bulk of strokes to
lines are likely to concentrate to the towers or to
those sectiona in the span close to the towers. Only
about 20-25% of strokes are likely to reach the
central third of the span.
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Fig 13 - Number of flashes to a lina (per

100km/year) versus tower height -
for N = 1 - based upon leader
pPropagation model

{FLAT : SIDE; TOP)

(*} Erikeson equation

In summary, there la sufficient consistency between
the results of the leader progression analyses and

observations of practical transmiesion line
parformance, to justify their more  general
application to estimation of strike incidence to
lines.

For this purpose therefore, the curves of Figure 13,
or equations (2) and (3}, may thus be applied
directly, taking the regional ground flash density
into account.

4.4 Generalised Shieldinqg Analysis

4.4.1 The Simplified Electrogeometric Model (EGM)

To form a basis for further discussion, a simplified
concept of the electrogeometric model, {EGM), will be
presented flrst. Appendix 4A contains the background
equations.

As the downward leader approaches the earth, a point
of discrimination 1l& reached at which point the
leader, 1f a personality can be ascribed to it,
decldes the object it will strike. The EGM portrays

this concept by the use of striking distances. If
all striking distances, to the shield wire, to the
phase conductor, and to earth are equal, the stroke
would terminate on the closest object. However,
these satriking distances are, Iin general, not
considered equal and therefore some alternative
considerationa are required. In general, the
striking distance is of the form,

r=ar1® (4)

where A and b are constants dependent on the object,

lae, the phase conductor, the shield wire, or earth
and I is the stroke current.
The wusual model la depicted in Fig 14 and is

illustrated for one speclfic value of stroke current.
Arcs of clrcles are drawn, centred at the phase
conductor and the shleld wira, having radii of L



A horizontal line ie drawn at a distance r_ from
aarth. If a downward leader, having a prospective
current I for which the arcs were drawn, touches the
arce betwesen A and B, the atroke is assumed to
terminate on one of the phase conductors - and if
between B and €, the stroke Ls assumed to terminate
on one of the shield wires. Thus assuming that all
leaders are vertical, the exposure distance for a
shielding failure lsa D. and the number of shield
fallures is N_.L -D., given one epecific value of
current where 21 }a the line length. Considering the
probablility of this current, which is f£{I) dI, the
number of shielding failures is N .Ll.D multiplied
by £(I) dI where f(I} le the probability density
function of the current.
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ground wires.

of the arcs
Finally a

As the current increases, the radii
increase and the distance Dc decreases.

point Ls reached at a current, I_, where D_ is zero.
Thua the number -of shielding failures or the
shjelding fallure rate, denoted ae SFR, is:
I
m
SFR = 2N L ] b £f{1) 41 (5)
gl 3 c

{The lower limit of 31kA recognizes that a lower limit
to the stroke current exists.}

If voltages on the conductors, produced by these
shielding failures, are less than the USD‘ {negative
polarity 1lightning impulse critical flashover
voltage), no shieldlng failure flashover occurs.
Thus to determine the shielding failure flashover
rate, SFFOR, the lower integration Limit of three is
replaced by Ic where

I =2 (Ugy)/2

(&)
where Z is the conductor surge impedance. Thus the
SFFOR is

SFFOR = 2N_L D. £(I) dI

<

L (7

I
As noted in Fig 14, the striking distances to the
shield wire and to the phase conductor are assumed
equal while the striking distance to earth 1is
different. However, some authors assume all striking
distances equal while others have alternate striking
distances to the phase conductors and to the shield
wire. In addition, one author does not use the
striking distance to earth. A sample of the striking
distance equations presently in use is shown in Table
6.

6 =
3

Table &

Constants "A"” and “b" of the Striking Distance
Equation: r = A I

Striking Distance to:
Earth Phase Cond and
Shield Wire
rg L
Source A b A b
Young, et al 27.0 0.32 1) Q.32
Armstrong,
Whitehead 6.0 Q.80 6.7 0.80
Brown,
wWhitehead 6.4 Q.75 7.1 0.75
Love 10.0 0.65 10.0 0.65
IEEE Working
Group {2} 0.685 8.0 0.65
Eriksson |To phaee conductor: £ =0.67 y0'610'74
To shield wires : r_=0.67 1O ®10-74
To earth : rg=0

{1) A = 27.0 for HT< 18 m
A = 27 (444)/(462-HT) for HT> 18 m
{(2) A= 8.0 (y/22), must be greater than 4.8 but less
than 7.2

k8 noted from the above equation, if I is egqual to
Ic' the SFFOR becomes zero and thus from a
mathematical sense a "perfect" shielding angle exists
(see Appendix 1 for equation). This concept of a
perfect angle will be used in subsequent discussions;
howevar it 1s realised that only if the phase
conductor is completely surrounded by shield wires
can perfect ehlielding be achieved. Parhaps a better
definition for this condition should be used, such as
critical angle or effective angle. However, the
perfect angle is basically descriptive and is
definitive in terms of the EGNM. Therefore this
notation will be retained.

With the above brlef description of the EGM, in its
generalised form, the following is a discussion of
the background of alternate models, both the EGM, and
several newer models based on leader progression
concepta.

4.4.2 Background

Following the development of the simplified model of
the laet step of the lightning atroke by Wagner
[34,33], Young (35] developed the electrogecmetric
model {EGM) with the primary purpose of showing that
shielding angles should be decreased as tower helght
increases. Prior to this investigation, shielding
anglee of about 30 degrees were used with success on
the great majority of linee for which tower heights
were in the range of 24 metera [36,37]. The impetus
for both Wagner's and Young's studies was the poor
performance of the AG&E/OVEC 345 kV double circuit
line 1in the USA, which had a tower helight of 46
maters and employed a shiaelding angle of 33 degrees
[3B}. The result of Young's study is shown in Fig 15
where the recommended shielding angle ie plotted



versus tower halight. Note that Young's
mandation resulted in a shielding angle of about 15
degrees for the 345 kV tower and maintaine the
previous recommendation of 30 degrees for the then
normal tower heights of 25 to 30 meters.
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Subeequently, Armstrong and Whitehead [39], and Brown

and Whitehead {40)] further developed the EGM. The
breakdown gradient was modified, a stroke angle
distribution was added (Young assumed vertical

strokes), and their calculations were compared to the
results of the Pathfinder experiment, which produced
data showing shielding failures on instrumented lines
(41, 42)}. Their recommendation is also shown in Fig
15 where the average shielding angle is plotted
against the average shield wire height. To be noted
is that if Young'e curve were plotted in the same
manner, the two curves would compare favourably. The
pathfinder data is alse shown and is plotted as
average helght and average angle. Each data point
rapresents cone or more shlielding failure flashovers.
Comparing the pointes denoted by sgquares to the two
curves indicates a good agreement between field data
and thaory.

To be amphasized further is that the primarxy purpose
of thia development of the EGHM was to show the
gansitivity of the shifelding angle with tower or line
height. ’

Following these initial studies, further
investigations were undertaken to improve and extend
the EGHM {43-47). A primary problem was that the EGHM
was calibrated wusing the AIEE stroke-current
diastribution, which had a median of 15 kA and a log
standard deviation of 0.98. With the conclusion of
Berger's data and the adoption of the CIGRE
distribution (see Chapter 3), a new calibration was

required. The search for an equivalent current
distribution for setrokes to level ground was
initiated by Sargent [46]) who found that a

theoretical distribution having a median of 12.5 ka
and a log satandard deviation of 0.75 produced
reasonable comparisons with distributione reported by
AIEE, Berger, and Popolansky (see Chapter 3). More
racently, Mousa and Strivastava {47) have suggested
an equivalent ground level distrlbution having a
median of 24 kA and a log standard deviation of 0.72.

The conesensus in the contemporary literature is that
the "reference" distribution of stroke amplitudes to
"flat” ground has a median ampllitude in the range of
24-30kA, and thus lies close to the distributione
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measured in structures [20]. This neceasltates
theraefore further conslderation of the EGM in its
original form.

Recently, alternate approaches to shielding analysis,
using leader pregression model concepts, have been
proposed. Eriksson's approach led to a modified EGM
[31]). Hie formulation of the striking dlstance
equations, presented in Table 6, provide a
significant height sensitivity. Further, the stroke
terminating to earth 1s treated as a default
condition and thus a striking distance equatlon to
earth is not required. The Dellera-Garbagnati [29]
approach requires a significant calculation effort

although curves are provided to obtain a gquick
astimate. The Rizk [48] approach results in two
simple sets of curves deacribing the perfect

shielding angle.

4.4,3 Comparlson of Results

& comparison of the perfect shielding angles as
caleulated for the EGHM, for three alternate striking
distance equations, is presented in Fig 16.
Working Group equations are a modification of their
earlier equations [25]. Because Young aasumed only
vertical strokes, these angles are limited to zero
degrees. However, the other two are
constructed assuming all stroke angles are poasible,
thua permitting even the horizontal stroke resulting
in severe negative angles. However, in application,
the IEEE Working Group method assumes only vertical
atrokes.

curves

(Fig 16)
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Fig 16 - Perfect shielding angle as
determined by wuse of EGM for
different formulations of astriking
distance.

The comparative results of Eriksaon and Rizk, Fig 17,
indicate a significant degree of agreement. Since

the Dellera - Garbagnatl approach does not permit the
determination of the perfect angle, the resulta are
shown for a SFFOR of 0.2 and 0.05, for an N_ of 4 in
Fig 18, Wwhen compared to the results of Fig 17,
sBlgnificant deviations are apparent.
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ABsuming vertical strokes, a further comparison of
rasults for a SFFOR/N_ ratio of 0.01 is shown Ln
Tables 7 and B. The é&speraion of repults for the
EGM is significantly reduced from those of Fig 15.
However, the results shown in Table 8 for the leader
progression model etill degree of
dispersion. In particular, the results from Dellera
and Carbagnatli produce negative angles, although all
atroke anglee were considered for these cases.

indicate a

Table 7a

Comparison of Shielding Angles using the EGHM for a
SFFOR/N_ Ratio of 0.0l for Critical Currents of 5 and

10 kA. “(h-y) = 4
Brown-Whitehead Young
(h+y)/2
Meters 5 kA 10 kA 5 kA 10 kA
20 20 1] 39 43
30 14 18 26 31
40 11 13 18 21
50 1o 10 9 13
Table 7b
IEEE Eriksson
{h+y}/2
Meters 5 kA 10 kA 5 kh 10 ka
20 18 27 37 45
30 10 10 33 41
40 5 5 31 38
50 4 4 29 36
Table 8
Comparison of Shielding Anglee wusing Leader
Progresalon Model Concepts for a SFFOR/N_ Ratio of
0.0% Critical Currents of 5 and 10 XkA.
Eriksaon(l, Dellera—‘l) Rizk(z,
Garbagnati
{h+y}/2
Meters 5 kA |10kA |5 kA |10 kA |5 kA |10kA
20 37 45 21 28 21 43
30 33 41 9 13 17 a5
40 3l 38 -9 -8 14 29
50 29 36 |*g3y |*(3) J1a 20

(1) for {h-y) = 4m
{2) for perfect shielding

(3) values could not be obtained

4.4.4 Selection of the Shielding Angle

The primary aim in selection of the number and
location of ahield wires is to provide a means of
Intercepting the lightning flash and to reduce the
ehielding failure rate to an acceptable level, fully
realising that a SFFOR of zero 1a wvirtually
lmpogaible. The design value of the 5FFOR, although
fraquently selected without regard to the backflash
rate (mee Chapter 6} should be treated with the
latter together, or as a sum, to form the basie of
the total lightning design. Similarly, in the past



the design shielding angle was frequently selected on
vha basis of perfect shielding. While thin may be
proper for areas of very high ground flash densities,
in areas where N_ is 1 to 4, the restriction to a
perfect angle may severaly handicap an economical
design. Thus one shield wire may be adequate for
areas of low ground flash denasity, whereas two shield
wires are required in areas of higher lightning
intensity. Therefore, a design based on a target
SFFOR is suggested. The actual deaign value of SFFOR
must ba the prerogative of the designer, so as to
permit economical designs. For lines wserving a

critical load, a design value of 0.05 may be
guitable. Dealgn values as high as 2.0 have been
reported.

An additional beneflit of selecting a non-zero SFFOR
is that the large deviations of shialding angles
betwean alternative methoda, as shown in Fig 15 are
greatly reduced. Further reductions in these
deviations result when vertical strokes only are
considered.

To asaiat in selection of the sghielding angle, the
curves of Fig 19 have been prepared and are based on
the Brown-Whitehead formulation of the striking
distance egquations, which represent a reasonably
severe condition. 1In additlion the curves are based
on vertical etrokes.
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Fig 19 - A conservative approach to
shielding angle as function of
SFFOR/N_ . Brown/Whitehead

equatjond with vertical strokes.

The shielding angles of Fig 19 are the average angle
within the span, and thus the ahielding angle at the
towear may be larger. The angles also assume flat or
rolling terrain. For towers located on hiil sides,
the average shielding angle is that obtained from Fig
19, minus the hill aide angle. Trees, structures,
etc along the right-of-way are beneficial in that
they increase the effective height of the earth

plane. That 1ls, the striking distance to earth
becomes that to the structure or tree-tops. Thus,
for this case, larger angles may be used. Towers

located on hilltope are eapecially vulnerable since
more strokes are collected by such towers. Hilltop
aites are even more vulnerable to the backflash
however, ainca the tower footing resistance tends to
be larger than normal (see Chapter 6}. As has been
noted in the literature, the performance of a few
towers or line sections frequently determines the
total performance of the line; thus the name “rogue”
towers has come into the colloquial language. With
all of the above factors, the final selection of the

shielding angle at the tower must be highly
judgmental, based on the experience of the designer
and on the performance of other lines within the
utllity system.

This dipcussion has centred on shielding the outside
phases of a line. While shielding failures to the
centre phase may occur in extremely rare cases, they
are predicted to be essentially zero. For all
practical cases of tower design, shielding failures
to tha centre phase should be consldered non-
existent. This factor of greatly improved shiaelding
to objects between shiaeld wires or masts ls employed
in the design of atation shielding, a subject beyond
the scope of this present report.

As an illustration of uge of Fig 19, assume a design
value of SFFOR of 0.05/100 km yrs in an area having
a ground flash density of 5, which produces a
SFFOR/N_of 0.0l. For an average phase conductor and
shield ‘wire helght of 30 meters and a critical
current of 5 ki, a shielding angle of 11 degrees is
obtained from Fig 19. For these same conditions but
for a ground flash density of 1, or a SFFOR/N_ of
0.05, a shilelding angle of 21 degrees results.
Alternatively if the design SFFOR is increased to 1.0
for a ground flash density of 1, a shielding angle of
over 40 degrees may be adequate.

4.4.5 Presently Used Shielding Angles

The suggestion of a deeign based on the SFFOR should
not be considered as new. This desiqn philosophy has
been and is atill used today. Furthermore, the
decrease of shielding angle with tower height ie
presently employed in design. Some verification of
the use of the angle/tower height sensitivity can be
obtalned from the results of tha CIGRE survey [4%] as
presented in Fig 20. (One point at 34 meters with an
angle of -19 degrees is not shown). As noted for
lightning tripout rates of less than 0.8/100 km-yrs,
shielding angles of 20 degreea are used for tower
heights of 40 meters, whereas for lines having tower
heights of less than 40 meters, larger angles are
somatimes employed.
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The line data contained in reference [50], although
not glving the tower height may also be helpful. As
shown in Table 9, higher towaers generally have lower
shielding angles, but higher anglas are used in areas
of lowar lightning intensity.



Table 9

Shielding Angles Used for 345 and 500 kV Lines in the
Us2; Lightning Tripout Rate Lesas than 0.6/100km year.

Nominal Type Thunder— |Shielding [Angle
Syestem Storm Range Average
Voltage Daya/Yr
kv Range (degrees) |(degrees})
345 Single 22 to 50 0 to 33 22
Circult
345 Double 20 to 60 0 to 30 11
Clrcuit
500 Single 30 to 110| -9 to 20 12
Circult
500 Single 2 to 25 15 to 30 23
Clroult

24

4.4.6 The Present and Future

As is evident from the above discussion, the
selection of a shielding angle is a combination of
theory and experlence, as perhaps occurs all
phases of englneering. It is the hope of the authors
that the theory and practice are sufficiently clear
80 that a judgement can be made on the proper deaign
ghielding angle. The detalled study of shielding
angles and of lightning incidence rates is currently
hampered by the lack of sufficient reliable data.
Although thecoretical studies will continue, the lack
of a quality database will tend to create more
confuslon than factual results.

in

Ae a final note, iln a not too facetlous manner, the
lack of data and the lack of full agreement on the
proper shielding angle has not hampered the industry.
Linea have been and still are designed, constructed,
and operating with acceptably low lightning tripout
rates. This merely indicates that while overall
agreement on shlielding concepts and the proper
shielding angle is lmportant, practical application .
continues with success.

Appendix 4A: The Basic Electrogeometric Model

In tranemission line deaign, the specification of the
shield wire location is wusually given by the
shielding angle alpha, as defined in Figure 14. B&s
indicated here, if the shield wires are horizontally
diasposed beyond the phase conductors, the shield
angle is defined as negative,.

The geomatric model as generally used is depicted in
Figura 14 for one apecific value of stroke current.
The striking distances, Lo are drawn as arcs of
circles from the phase conductors and shield wires,
arnd a horlzontal line Le constructed parallel tc the
earth at a height of r_. Downward leaders, or
atxokes, approaching the line with a prospective
currant as employed to construct the arce, reaching
the arc between B and C will terminate on the shield
wire. Those reaching the arc between A and B will
terminate on the phase conductor, and those beyond A
will terminate on the earth.

For simplicity, assuming only vertical strokes, the
number of setrokes which terminate on the phase
conductore or the shielding failure rate, SFR, is:
Tmax
SFR = 2 Ny Iy I b, £(1) ar
3
where, Dc is as shown in Figure 14 and
Ng = ground flash denpity
L, = line length
f{(I) = probability density function of cresat

current of the first stroke.

Ae noted, the integral is over the limlte 3 ki, which
{8 assumed as the minimum stroke current and Tnax
which ia defined as the maxlimum current beyond which
no stroke can terminate on the conductor. That is,
ae the current increases, r. and r_lncrease, and the
distances A-B and D_ decrease. At Imax' D. is zero.

As an approximation, the maximum value of rg, r is:

gm
r = (8)

gm (h+y})/2 (1 - T sin «a)

Where I' = r _/r
c g

The value of I . is then determined from Equation

{4}

x

From geometry:

D, = ro [coB 8 - cos (a + 0}]

(9)
Where a ies the shielding angle shown in Figure 14
and:

1

& = ain_ Eleg - ¥i/r.) (10)

B = sin} [{a® + (h-y)2)°'5/2rc} (11)
Tc be noted is that the SFR is the number of strokes
which terminate on the phase conductor, and these may
or may not result in flashover. The critical
current, I, below which flashover will not occur,

la:

I =20 5Olzc

e (12)

Where U ., =

50 Lightning impulee critical flashover,

nagative polarity, {(approximately 605
kV¥/m of lnsulator length or insulation
etrike distance, whichever 1s smaller)

Z. = phase conductor surge impedance

Therefore, the number of strokes which terminate on
the phase conductors and result in flashover, le the
shielding failure flashover rate, SSFOR, is:

Imax
SFFOR = 2 Ny L ! D, £(I) dI (13)

I

And as noted from thias equation, the SSFOR becomes

zaro if I is equal to or less than Io- The
resulting shielding angle when I_ =1 ax' is denoted
as «_ and termed the "perfect" shielding angle.

Agaln, from geometry:

= O.S[SLn_l{(rg—h)/rc) + aln—l((rg—y)/rc)] (14}

wWhere rg and r. are determlinad for the current, T

e




5. REVIEW OF HMODELLING CONCEPTS
5.1 Introduction

A llghtning flash can only result in significant
overvoltages on power-line insulation if subsetantial
stroke current and charge are injected into the
line's conductors. Both theoretical analyses and
exparimental data show that wvoltages induced by
nearby llghtning flashes to ground meldom exceed 200
kV and lnduced voltages are therefore principally of
interaat only on lightly insulated diatribution
lines.

Thus only thoase lightning f£lashes which terminate
directly upon a line need to be modelled for most
practical lightning performanca calculations.

Once contact is made with the line, the injection of
the lightning return stroke current is modelled am
a transient current generator feeding into a system
of transient surge impedances representing the line
conductore and the tower (as discusged in sections
5.2 and 5.3, as well as in Chapter 6). The resulting
overvoltages are then calculated using conventional
travelling wave technlques (5.2), usually coneidering
mainly the line spans close to the struck point.

The impedance of the return stroke channel is assumed
to be substantially larger than the surge impedance
of the line conductora (and/or tower), and is thus
neglected. The return stroke can then be modelled as
an ideal current generator having appropriate current
magnitudes and waveshapes selected on the basis of
the distributions given in Chapter 3. Experlence
indicates that in the majority of cases, it is
sufficient to consider the single firat etroke only.

Injection of return Btroke current into the system
initiates travaelling waves which produce reflections
and refractions at the various impedance
diecontinuities, and thus require appropriate
modelling, as discussed in section 5.2 and In Chapter
6. Wave-modlifying influences which have to be taken
Into account in most instances, include the effects
of impulse corona at high voltages and the non-linear
impulse current reeponse of the tower footing
reasistances, as discuesed in sections 5.4 and 5.6
respectively.

The resultant overvoltage stresses appearing across
the line insulation {and the associated risk of
failure) are only indirectly related to the
conventional LI withetand etrength (due to the
non-standard waveform of the overvoltage stress}, and
this aspect thus alsc requires particular analysis,
aB in section 5.5.

Taken as a whole, this chapter dees not set out to
present a unique or exclueive calculation model. The
aim ls rather to emphasise the relative importance of
the various aspects involved and to present
appropriate simplified engineering approximations
which are based upon up~to~date understanding of
theae processes.

Application of several of these aspects is then
iliustrated in the consolidated discussion of the
backflash process in Chapter 6.

5.2 ITransmission Line Representation

Apart from tha lightning current parameters, the line
characterietics determine the surge voltages that
Qceur on a tranemiasion line struck by lightning. In
order to carry out calculations of lightning surge
veltages with reasonable accuracy, it 1ls therefore
nacedsary to utllize a transmission line model in

which the most Important line
represented Lln an appropriate way.

parameters are

In this section guidelines for the inclusion of the
basic line characteristice in computation modeis to
study lightning performance of lines are presented.
In auch studies the earth wires should be included
and, In detailed calculations, each span has usually
to be handled separately. Furthermore, tower and
line ceonfiguration, including tower impedance and
tower footing impedance as well as insulation
wlthstand and nonlinear corona effects must generally
be considered. Accordingly, the necessary
computation model may differ in comparison with
models applied for switching overvoltages and other
transients of system origln.

In general, the calculation model ahould be able to
compute all line conductor voltages caused by a flash

to earth-wire(s} or direct to a phase conductor

{shielding failura). hccordingly, for Ainstance,

electromagnetic coupling betwaen the conductors, as

well as insulation withatand for different gap-
configurations musat be included.

As already mentioned, earth wires as well as phase

conductore should be included in the analysis.
Accordingly, a mathematical model to handle
multiconductor eysteme would be preferred, (as

applied for example, in electromagnetic travelling

wave analyses using diecretised modelling}. Such
calculations are ugually difficult and
computationally intensive. In many practlcal

engineering applications (which are mainly concerned
with the voltages at specific locations) adeguate
accuracy is achleved ueing single conductor modelling
and thias is the approach principally followed in this
document.

Travelling-wave calculation for muiticonductor
systems utilizing the different modes of propagation
are well known [S51, 52]. For ewitching surges and
other internal system translents the earth wires can
be eliminated from calculations assuming zero
potential on these wires. The overhead lines may
then be considered as a three conductor system and
modal analyeis with two line modes and one ground
mode for the propagaticn can be applled.

For lightning surges, the earth wire potential cannot
be neglected. Also, reflections at the towers must
be consldered. Accordingly, the line model needed is
much more complex than that for the other transients
ment ioned.

Modal analysis i in princlple possible for an
arbitrary number of parallel conductors. Line
impedance and admittance matricenr are then
mathematically tranaformed by traneformation matrices
8o that diagonal matrices describing the separate
modas are ocbtalned. The transformaticn matrices
necessary can be found by welgenvalue analyseis.
Generally, the line inductance (and resistance) are
frequency dependent and, as a consequence, the
transformation matrices and the wave velocities in
the different modes also depend on frequency.
However, bearing in mind parameter inaccuracies due
to wvarying ground resistivity, non linear corona
effects, conductor sag etc, it is sufficient to apply
line constants for one freguency only [53, 54].
Accordingly, mode separaticon may be applied also for
lightnfing surges on each line span. Such methods may
ba needed for studies on lightning surges travelling
sevaral spane as for {instance, in relation to
analyses of lightning cvervoltages In substations.

The earth resistivity plays an Ilmportant role for the
damping and dlstortion of surges with ground return.



In accurate analyses of overvoltages for important
installations (GIS, etc), therefore, mode separation
is applied {n more extenslve calculatlion models 153,
54].

As  menticned in  the intreduction, however,
coneidaration of only a few line spans is sufficient
for line performance studiea. Therefore, separation
into differant modea is not neceseary in thia case
and it can be assumed that all surges travel with the
velocity of light. Simple matrix analysea are then
sufficient for all conductors involved.

If the 1line 18 considered lossless, the surge
impedance and surge admittance matrices (Z,¥) can be
calculated from the inductance or capacitance
matrices (L,Cj:
S B _ ~1
Z =Y =cL = (1/c°)c {5.1)
- -3
g = (e k) (5-2)

The conductor traneient voltages and currents may
then generally be represented by surges travelling
with the velocity of light in both directions (Vl and
V,). The power frequency voltage (U_} can simply be
asdad as a constant DC-voltage, Bincg the time scale
in lightning studies is in the microsecond range.
Accordingly, conductor voltages (U} and currents (I)
may be exprassed by the matrix equations:

= .13

U=V, +v, s Up (5.3)
I=Y(V, -V, (5.4)
For a system with n conductors U, Vl, vz, U_ and I

are vectors with n elements and Y i8 a n*n-matrix.

The surges V., and v, are determined by the conditions
at aach end of the span (tower surge impedance,
footing reslstance etc) with addition of a possible
current source representing the lightning current.
The impadance of the lightning channel is considered
high compared to conductor and tower impedances (at
least ten times higher than the conductor surge
impedance). Therefore, an ideal current source can
ba applied.
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Fig 21 - Lightning flash to upper conductor

©on a line span.

For illustration purposea, the example shown in Fig.
21 ia considered. Before reflectionsa from
neighbouring towers occur (V, = 0}, egs. 5.3 and 5.4
ara modlfled to:

BT

I =%¥Yor V=Y
The flash is aseumed to hit conductor No 1, and the
current will separate in two equal parta flowing in
each direction. The conductor voltages are then:

— — o —
vy Z,4 Uy
u, =1/2 Z,,4 + Upz
Uy Iyt Uss

L " o] Zps _|

In this equation, i is the lightning current, zll'
represents the surge impedance of conductor No 1, and
Z2;. represents the mutual surge Impedance between
cohducter No 1 and conductor No j. It is seen that
the transient voltages on the neighbouring conductors
are determined by the coupling factor:

K {5.5)

19 = 2147854

The surge lmpedances and mutual Impedances are found
from the formulae:

Z;; = 60 in (2h,/r[) (5.6}
24 = 60 In (aij/bij) {5.7}
in which
h, - height of conductor no i above earth
T, - radius of conductor no i
a,. - geometric distance between conductor no
1] s .
i and the image of conductor no j
bij - geomektric distance between conductor no

i and conductor no j

For practical purposes,
used, given by:

the average hejight may be

h h

av £~ 2342

g
(h

€ height at the tower)

The self and mutual surge impedances shown are based
on the physical line dimensicons and conventional
image theory le, in principle loesless lines. This
approximation is considered to be valid for line
performance analyses for voltages below the corona
on-set level. However, the overvoltages of interest
are generally higher than thie level, and therefore,

account must be taken of the non-linear corona
effects - as dlscussed further in section 5.6.
Line flashovers normally occur at the towers.

Therefore, LIt is the voltage dlfferences between the
conductors at these points that are of interest. In
order to calculate the voltages at the towers, af
course, a computational model is needed for the tower
as well as for the tower earth electrode - as
discussed in the following sectiona.



5.3 Tower Surqge Models for Lightning

Calculationsg

Response

5.3.1 Introduction

Under lightning surge conditions, eurrents with rates
of change di/dt as high as 200 kAfus can be applied
to the tranemission system. The fast rates of riame
lead to tramsient overvoltages resulting from the
surge responge of the satructures and wires. The
front timea of 1-4 pe are long with reapect to
typical line heighte. Bercause of this, most models
assume that tower response is dominated by the
Transverse Electro-Magnetic (TEM) wave and that other
types of radiation may be neglected. The TEM
response is relatively easy to use because surge
impedances of components such as conductors can be
calculated, even wunder corona conditions. In
simplified engloeerlng calculations it is common
practice to Lntroduce the concept of a tower surge
as an aid to determining the vocltage
For simplicity, strokes

impedance -
across the line lnsulation.

to the tower line only are considered in this
analysis.

5.3.2 Generalised Tower Surge Response

The tower could be represented variously as an
inductance connecting shield wires to ground, as a
constant-impedance transmission line, or as a
variable-impedance transmission line. or as a

As an adequate approximation,
the travel time can be represented by t=h/c. Many
experimental and theoretlical studies of tower
response have been initiated {55-62}. Wagner and
Hileman [55] found the transient impedance of a
cylinder to an impressed wave at tower top. Sargent
and Darveniza (56] noted that a cone had a constant
and also derived the average
impadance of a cylinder. Chisholm, Chow and
Srivastava [57] found that impedance depended on
direction of injection, with vertical injection to
cylinders and cones agreeing with [55], [56] and [63]
and horizontal injection matching experiments [58-60]
using this geometry. They continued the use of an
average impedance zav' defined below, for a
censtant~impedance model.

radiakting structure.

transient impedance,

as

z = 60 1ln (cot ©/2)

av

1

where @ = tan ~ (r{h}/h}

and h is the height along the tower.
As a practlcal simplification, Chisholm, Chow
Srivastava ([57] proposed an equation for
impedance of a typical transmission tower. A

welghted average of the tower radius, ravg'
obtained as follows:

r1h2 + r2(h1+h2) + r3h1

avg

Where:

= Tower Top Radius, m

= Tower Midsection Radius, m

= Tower Base Radiug, m

= Height from Base to Midsecticn, m
= Height from Midsection to Top, m
= hl + h2 = tower height

X ¥ H R R
[ I I S

The weighted average radius is then used in the

equation for a conical tower over a ground plane:

Z. = 60 1n cot [0.5 tan—1 {r

T vg/nT)]

a

This weighted average found to agree with
integrals of the tower impedance over helght {“tower
inductances") over a wide range of tower shapes. The
initial transient rise of the tower in the skywire -
ground plane waveguide may he modelled by this

approach.

wag

h3a an approximation, the equivalent inductance is
given by
L=2z.. HT/c
5.3.3 Sqguare Cross-Section
In calculations of tower surge impedance or

inductance, cross—-sections that deviate from circular
can be treated with a capacitance model [61], as
originated by Chow and Yovanovich [64]. The self-
capacitance of an object is computed:

= i

Ctowe: Cocf(dnAT)

Cg = (2r)3/1n(4r}
Where I' = maximum height/maximum width, (the

aspect ratioj. 12

£, = 8.854 x 10 Fim.

AT = Area in m".
When the capacitance of the tower is known, its
travel time and impedance are related by
£ = ZT Ctower' For "an example of a free-standing

tower with 2.5 x 2.5 m square Cross section and 50 m
height, the following calculation gives the impedance
and inductance:

r = ht/w = 20 for a
circuit tower

typical dcuble
where W = maximum width

500 m2

bl
]

4(50 m) (2.5 m) =

C. = 1.443 1.01 nF

Ctower °

t =h = tfc = 165 Ohms

t
[+

i6? na; ZT =

t2/c =

L = 27.5 pH

In such a case, for a lightning current with dI/dt of
25 kA/pe, the additional tower-top voltage rise due
to tower inductance would be 690 kV. Most lightning
performance calculation models assume that this would
fall linearly with tower height, to the footing

voltage at the base of the tower.
5.3.4 Crossarme

The effect of croasarms on tower surge response have
been studied by Chisholm, Chow and Srivastava [61].
They found that typical crossarms behave as
electrically-short stub transmlssion lines with open-
circuit ends. ALl effects of this model, including
a short-lived doubling of voltage at the crossarm
end, were verified experimentally. Obeerved travel
times are longer than tower height divided by speed
of 1light, but tower impedances are also reduced
slightly. The net effect of the additional path
length and consequent propagation delay can usually
be Ignored for practical purposes. Only the
additional contribution of propagation 4in from
gkywire supports adds to the tower inductance.

5.3.5 Tower With Guy Wires
Many towers have metallie support ropes or guys that

carry some lightning surge current. These guy wlres
reduce the total tower inductance and thus mitigate



some stress on the insulator strings. There are
several calculation models that could be propcsed to

take mutual coupling into account. However, for
typical guy-wire oslopes less than 2J(up}:l(out},
mutual ccupling among the wires can be ignored.

Mutual coupling can also be ignored for most H-frame
towers. The surface-area model can be used with
advantage, and Approaches 1 and 2 below illustrate
the applicatlon to the above square tower, now with
four guy wires at 45" angles to the tower.

()} ny =

T 0.7 m

Guy Length =
Guy Radius = r =

approach 1l: (simplification)

Z = 451 ohms

60 1n {2h/r - 60) =
guy

(2} Hp/c = 235.7 ns

guy

L =2

-t
quy

- Fquy = 106.3 pH per guy

= i i . t
Ly ower 26.6 pH in parallel with 27.5 pH tower

= 13.5 pH

Approach 2: (Total Tower)

= 2 _
Ap =B H® =

e =y} =
1n 4

10,000 m

C

1.44

- i _
Cpowar = o Cp (4mAg}? = 4.5 nF

t = 236 ns 2n =

r 52 ohms L =

12.3 uH
5.3.6 Practical Values

Common experience with practical structures yields
typical wvalues for tower surge impedances in the
range 150-250Q.

5.3.7 Ground Plane Surge Response

Studies of reflections from the base of towers, using
gcale models [65]), triggered lightning and theory,
have shown that the initial reflection from the base
is not that which would be predicted in the case of
a lumped resistance.  In the case when no shield
wires are present, the lightning channel extending
upwards forms a biconical radiator. When shield
wires are present, a waveguide between the overhead
shieldwires and the ground plane is excited. 1In both
¢cases, expressions for a ground-plane
impedance have been suggested [65]. For Llinear
steep-fronted impulses estimated values for this
effect lie in the range of about 2-10R for the first
few us.

transient

In practice, however, due to the concave shape of the
lightning current wavefront, the effect much
smaller and be neglected in simplified
calculations.

is
may

5.4 Earth Electrode Impulse Response

It is generally agreed that the resistance of an
earth electrode decreases with the applied current
due to ionization of the soil. Fig 22 and 23 show
measured impulse current and voltage responses for
two examples reconstructed from reference [66]. They
refer to two very different electrode geometries, but
buried in the mame soil.
voltage and current,

From such measurements,
a time-dependent resistance may

24

readily be obtained by dividing the corresponding
instantaneous values. Despite the different
electrode geometrles, the behaviour of the two earth
impedances is similar.
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Fig 22 - Measgured voltage, injected current
and resistance of a 0.25m diameter
hemisphere with 1000Qm.
With the wvoltage developed, the earth impulse

impedance rapidly drops from the original low current
value R and reaches a minimum after
approximately 5 us.

value

An explanation for the phenomena responsible for this
resistance decrease with current has already been
given in [69]. For a step voltage applied to the
electrode an lonization process similar to the
streamer discharge in air, occurs in those regions
around the electrode which a critical field
gradient In this region, low ohmic
discharge channels are formed, thus reducing the
resistance of the ionized zone practically to zero.

in
is exceeded.

It has previously been proposed that the current
dependence of the tower footing impedance <an be
expreased by the normalised quantities [69].

o= Rle/p and Ay = pI/Ele2
R = Resistance

p = soil resistivity

E = field gradient

I = impulse current

1e= Eiectrode length
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Fig 23 - Measured voltage, injected current
and resistance of a horizontal rod
of 1 = 18Bm and ¢ = 6 mm with

1000 am.

For hemispheres, the diameter is taken as length.
These gquantities have recently been redefined to
include earth electrodes with a more complex shape
[67]. Fig 24 has been redrawn from this reference
but retaining the original normalisations.
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Figure 24 Normalised Current Dependence of Earth

Resiastances [67].

When interpreting Fig 24, it should be noted that the
full range of n, has not been obtained by varying the
current amplitude for one earth electrode, but by
varying the length of the diameter of the electrodes.
Thus the data on the left corresponds to extended
electrodes and that on the right to small electrodes,
ie, spheres and short rods. A re-examination of the
available data has led to the conclusion that results
relating to such different earth electrodes should
not be described by one single expression, It is
preferable to appl!y the basic rules of the soil
ionisation mechanism given below {as explained more
fully i [71}):

- Sphere electrodes

1. The earth resistance remains at its geometrical
value until the ionization onset is reached.
This onset depends upon soil resistivity and on

the instant considered.

After onset, the resistance decreases
inversely proportional to the square root of -
the current.

electrodes

The earth resistance remains at the value
determined by the electrode geometry and the
goil resistivity until ionization onset is
reached. As such electrodes wusually have
small material diameter, this onset occurs at
rather small current values.

After onset, the resistance decreases with the
logarithm of the current until the jionization
zone is 80 large that rod
geometry is no longer maintained.

an egquivalent

For higher currents the dependence of the

resistance on the current is that of a sphere.

Taking inteo account the uncertainties in the present
knowledge of the earth resistance, the use of a
conservative simplification is deemed adequate. Such
a simplification for rod electrodes could be an
expression which approximates the above three ranges;
ie, to have the low currxent resistance for currents
vlose to zero, to approach the square root dependence
for very high current values and to approximate the
logarithmic dependence between these two extremes.

A possible expression is given by

R, = (1)

-1
{ = R,(1+ 1/19)

The limit current I_ is given by equation 2, which
states that the findl decrease of the resistance is
determined by the field E_ and the resistivity,
together with the resistance R0 representing the
physical dimensions:

2
I =E 2n R 2
g 57 o (2}
Fig 25 shows the dependence of the ratio R/R
dependent on I1/1_, and setting normalised field
strength value egual to unity. The curve \is

calculated according to equations 1 and 2 with a
field strength of 400 kV/m. In relation to the
measured data, it is evident that the approximation
is sufficiently conservative.

A change in the field strength shifts the curve in

the horizontal directicen. Qwing to the flat
characteristic in the high resistance range, an
appreciable change in resistance is cbtained only



when the resistance is already below 0.4 times its
original value. The simplified relation, therefore,
is not specifically sensitive to errors made in the
assumption of the field strength, which 1is an
advantage, taking into account the above mentioned
uncertainties.
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Fig 25 - Results and proposed

simplification for rods.

The most important source of error lies in the
determination of the resistance Ro' because the
assumption of a constant soil resistivity may not be
correct. The spread of results in Fig 25 corresponds
to deviationa in the assumption of soil resistivity
of about 30% which could easily be obtained due to
normal sesasonal wvariations. In view of this, the
proposed simplifjcation is considered sufficiently
accurate. It is, furthermore, in good agreement with
the graphical simplification proposed in reference
(70].

in those cases where it may be coasidered necessary
to take the time dependence of the ionization into
account the calculation has to be made numerically,
taking an exponential decrease of each individual
resistance fraction into consideration. This effort
is justified only when all other parameters involved
{eg, the upward bending lightning current front) are
also carefully simulated. The time constant has been
found to be in good agreement with reference [68) and
to be about 2 us,

The proposed simplification strictly applies tc earth
electrodes with small extensions. A maximum
effective diameter of 30 m is estimated. In
unfavourable soil conditions in which counterpoises

with large extensions are required, the
simplification will no longer be reliable. BHowever,
no meagurementda are available from which more

Until such
for time-

adequate simulaticons could be deduced.
meagurement results become available,
dependent calculations it is recommended to subdivide
the earth electrode into suitable sections of 30 m
extent, connected by leada, and to apply the
simplified expression to each section, taking account
of the appropriate time intervals and ionisation time
delays where necessary. In many cases a propagatiocn
velocity of /2 provides adequate accuracy.

30

5.5 Dielectric_sStrength of Air Insulation Under

Ron-Standard Lightning Impulses

5.5.1 Introduction

The wide variety of lightning stroke characteristics,
together with the modification effects which the
power system components have on the impinging current
surges, stress the insulation structures in power
systems with a diversity of impulse voltage wave
shapes. While insulation co-ordination is usually
baged on impulse characteristics determined for
standard impulse voltages (1.2/50 e}, it is
important to be able to evaluate the performance of
the insulation when stressged by non-standard
lightning impulses.

Traditionally the withstand characteriatics of air
insulation under non-standard wave forms have been
estimated with measured volt-time curves. In parallel
with these, different type of analytical approaches
have been developed. In the literature the following
namas have been used for these methods:
"integration", “severity index" or "disruptive
effect" method and "equal area” law. During the last
10 years, the increased knowledge of the physics of
the breakdown process has been utilized to produce
physical models (sometimes called leader propagation
models) .

This report summarisea the main properties of the
developed models and provides recommendations for the
model to be used in the case of air insulation
{including air gaps with insulators). Other gaseous
insulations (such as SFG) are not covered.

The report is based partly on a literature survey,
and partly on the work done within the Working Groups
33.01 and 33.07,

5.5.2 Voitage/Time Curve

The voltage-time curve gives the dependency of the
peak veoltage of the specific impulse shape on the
time-to-discharge. This curve is defined also in IEC-
Publication 60-2, 1973, The voltage/time curves are
readily determined experimentally for a specific gap
or for an insulator string and may be represented
with empirical equations - applicable only within the
range of parameters covered experimentally [83].

Howaver,
relation to the physical breakdown process.
practice, measurements can be affected by the
following factors:

empirical voltage/time curves bear little
In

- impulse front shape (linearly rising versus
double exponential),

- front times of the actually applied standard
lightning impulse,

- gap distance and gap geometry,

- pelarity and

- internal impedance of the impulse generator due
to predischarge currents in the gap.

Amongset other dieadvantages, the voltage/time curve
generally connects together voltage and time values,
which do not belong to the same instant. Also, for
oscillating and other impulses, a suitable definition
of the impulee shape to be used for voltage/time
curves becomes dlfficult or even impossible.
Therefore, the of voltage/time curves to
determine the dielectric strength of air gaps and
insulator stringa is restricted in general lightning
modelling.

use



the use of
voltage-time curves can be advantageous. For example,
in ref. [B84] it is reported that the voltage/time
curves for 3.36 m insulator
string are within t 4 % of the values computed for
atandard lightning impulse in the time-to-breakdown
range from 1.5 ps to 3 us. The "IEEE simplified
backflash"-method, which is described eg.
[25], takea advantage of this insensitivity to wave
shapes by performing an overvoltage analysis at a
fixed time of 2 ps.

There are, however, epecial cases when

five wave-shapes on

in ref.

At times-to-breakdown shorter than 3 pa, it is
considered that non-standard impulse strength can be
more than 10 % higher than the standard impulse
strength. Therefore, more representative
descriptions be used for this type of
application. The standard voltage/time curves do not
apply to multiple flashover studies and their
accuracy might be poor when low probability
flashovers (ie, taking place on the tail of the
surge), or long times to breakdown, are being
atudied.

must

5.5.3 Integration Methods

The basis of the integration (or severity index)
methods is to develop an analytical withstand voltage
prediction procedure, bhased on sparkover data
obtained with standard impulse voltages, and then to
predict the performance o©of the insulation as a
function of one or more significant parameters of the
non-standard voltage wave shape. The method was
proposed in the fifties eg. by Witzke and Bliss,
Jones, MAkopian and Kind, ({72-77]). Later, other
workers have refined the method, eg. Darveniza and
Huse, by determining the statistical dispersion of
the empirical constants used in the integration
method and by performing tests for typical line
insulation configurations, [78, 81].

Kind had already developed his special case (the so
called equal-area criterion) of the general
integration method, on a partly physical basis by
introducing the voltage dependence of the propagation
velocity of leader in the air gap, [76]- Recently
Darveniza and Vliastos have shown that the
general integration method is a model which can be
explained on a physical basis, if the critical size
of the electron avalanche necessary to produce any
discharge at all is accepted as the criterion for the
whele breakdown, [83).

even

The common basic assumptions for all the integration
methods are that:

- there is a minimum voltage UO which must be
exceeded before any breakdown process can
start or continue.

- the subseguent time to breakdown is a function
of both the magnitude and the time duration of
the applied voltage above the minimum voltage
u_.

o

- there exists a wunigque set of constants
associated with breakdown for each insulator
configuration.

In the most general formulation different weights can
be given to the effects of voltage magnitude and

time. The dielectric strength of the insulation is
obtained then from the eq. (1}
t n
<
D= f {u(t}-ug} dt (1)
t

(v}

in which to describes the time, after which the
voltage u(t) higher than the required minimum
voltage U_ (also called reference voltage) and te
describes the time to breakdown. The constant P is
often called the disruptive effect constant.

is

Different proposals exist for the values of U_, n and

D, but each proposal refers to a particular set of
resultse. Originally Witzke, Blina and Jones
encountered difficulties in selection of the
constants and they found it more convenient to work
with the simplification where U_ = to = 0, and
n =4.4. Kind also proposed a simplification by

setting n = 1 and obtained the equal-area law. He
could also experimentally show that the discharge
voltage of the linearly rising wvoltage increases
linearly with the sguare root of the steepness, a
regult which supports the equal-area law.

Later, the equal area law has been applied in several
gap configurations typical for overhead lines and
substations and usually describes the test results
better than the simplification of Witzke et al. In‘
[83] Darveniza reported that the best model for the
result obtained with a eight unit insulator string
was found when the following constants D/Uo were
applied: 369 kV us/643 kV for positive polarity and
525 kVus/639 kv for negative polarity. The U -values
were approximately 90 % of the corresponding 50%
sparkover voltage. For horizontal rod-rod gaps,
however, the Uo—values varied in the range 82...92 %
of the corresponding 50 % sparkover voltage and D-
values calculated per gap length in the range
3.8,..5.6 kVuas/cm depending on the polarity and the
gap length.

one of the prohlems of the equal-area law has been
that for the non-uniform gaps, the wvalue of the
reference voltaée U_ which gives the best conformity
between the test results and the equal-area
criterion, does not coincide with any of the usually
measured 50% breakdown voltages.

Therefore a model based on
method has been proposed in [Bl] for suspension
insulater strings. In the study 6, ¢ and 12 unit
strings were stressed with different Aimpulses of
double-exponential type, as well as with highly
damped oscillatory impulses. The results showed that
the beast conformity between the test results and the
model was obtained with values n = 2.25 and UO = 58
kV per insulater unit. The model, althcough
contradictory with some aspects of the equal-area
method, has worked well also when applied to the
regults of other workers.

the complete integration

Although easy to wuse, a disadvantage of the
integration methods is that they relate to specific
geometries and voltage shapes, which can restrict
their application. Iin an effort to eliminate this
disadvantage, methods have been developed which
attempt to take more exactly into account the various
physical phenomena observed in the breakdown of air
gaps under non-standard impulses.

5.%.4 Physical HModel

The comprehensive analyses of the discharge
development have cenfirmed that, from the qualitative
point of view, despite the variety of impulee shapes
and gap gecmetries the discharge development always
consiats of three differeant phases: corona inception,
streamer propagation and leader propagation, (80, 82,
84-86]. The different phasea are shown in Fig 26 for
a double-exponential lightning impulse and a rod/rod
gdp.
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Fig 26 - Phawes of discharge process.
ti ¢ corona inception time
ts : Btreamer propagation time
tl ¢ leader propagation time.

When the applied voltage exceeds the corocna inception
voltage, streamers propagate and cross the gap after
a certain time if the voltage remains high enough.
The streamer propagation is accompanied by current
impulses of appreciable amplitude. Only when the
streamers have crossed the gap can the leaders
develeop to a significant extent. Usually the leader
velocity increases in this phase exponentially.
During the leader propagation, an exponentially
increasing current can also be observed. Both the

streamer and leader phase can develop from only one, .

or from either electrode. When the leader has crossed
the gap or when the two leaders meet, the breakdown
occurs. :
Consequently the time-to-breakdown t. can
expressed as a sum of three compeonents:

(2}

where t1 describes the corona inception time, t_ the
time the streamers need to cross the gap or to meet
the streamers from the opposite electrode, and t1 the
leader propagation time.

Most studies on the gap breakdown have been performed
with double-exponential type impulses {including
linearly rising fronts). In Refs [82,85,86] it has
been ghown that the presence of oscillations or other
abrupt changes in the applied voltage does not change
the overall behaviour of the breakdown process. They
can, however, disturb the leader propagation, causing
breakdown development to be discontinuous, as the
voltage can fall below that necesgary for leader
propagation. The result is a discharge where the
leader propagates and stops at each cycle,
modulated by the presence of the oacillations.

as

5.5.4.1
Corona phase

Most of the practical air insulations involve
relatively high non-uniform field distributjions and
their corona inception voltage is far below the
breakdown voltage. Therefore, and taking into account
also the high rate of rise of the applied voltage,
the corecna inception time can be neglected without
introducing large errors.

5.5.4.2
Streamer propagation phase

The time ty is usually computed as the time that the
veltage takes to reach a fixed average field strength
in the gap. The best streamer models have been
developed for the positive polarity rod/plane gaps.
Difficulties have been met when models have tried to
take into account simultanecusly the influence of the
impulse shape and the gap geometry. Difficulties are
also experienced when negative streamers are
concerned, as in negative polarlty rod-plane gaps or
in rod-rod gaps, due to the composite structure of
the negative streamer filaments or to the interaction
of the different streamers. However, in Ref [B5] it
has been shown that independent of the polarity and
gap configuration the time for the streamer
propagation can be obtained indirectly through
consideration of the gap factor and the gradient for
positive and negative streamers. In addition, because
t, i3 only about 30% of the total breakdown time, a
20-30% error in its determination causes only about
a 10% error in the calculation of the breakdown time
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Fig 27 - Inverse atreamer propagation time
as function of the average satress

in the gap.

The average stress is given in pu
of Ugy for a 1.2/50 ps impulse.



It is shown in Ref {B85), that the most significant
parameter influencing the streamer—phase duration tg
is the overstress in the gap, which can be expressed
as the ratio between the maximum value of the average
gradient reached in the gap before the breakdown (E),

and the average gradient (ESO} at 50% flashover
voltage Uc.,. With a good approximation, t, may be
asgsumed independent of the voltage polarity, the

configuration characteristics and the gap clearance.
Fig 27 illustrates the dependence of 1/t_ on the
ratio EfE.,. On the basis of this figure the duration
of the streamer phase in ys can be estimated with the
equation.

1.25 (E/E - 0,95

1ty (3)

50!

The E values for different gap configurations and
polarities can be obtained with the help of Figs. 28a
and 28b.
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Fig 28 - Average gradient at 50% flashover
voltage U50 in the gap-
a) Average gradient in the red/
plane gap as a function of the gap
clearance {(d).
b) Average gradient in the gap as
a function of the gap factor.
(Average gradient is given in pu
of the wvalues relevant to a rod/
plane gap with the same gap
length).
For geometries different from the rod/plane
configuration, where two streamers are present, the
resulting wvelocity of the streamer has to be

interpreted as the average velocity of an equivalent
streamer, which would cross over the same gap in the
pame time but starting from one electrode only-

5.5.4.3

Leader phase
The time for leader propagation is generally
calculated on the basis of the knowledge of the

velocity of the leader advance which depends on the
applied voltage and leader length.

various formulae have been proposed for the leader
velocity. The experimental evidence shows that the
leader velocity Vl increases inversely proporticnally
to the length of the gap which is not yet covered by
the leader. Therefore the leader wvelocity can be
described with formulae of the type:

Vyie) = QIu(t)-dg] iu(t)fuoidq“ll)lf(dg‘lll (4}
Where g and U_ are some functions , d_ describes the
gap length and 1, the leader leangth. u{t) is the
actual wvoltage (absolute value} in the gap, which
does not generally correspond to the theoretical

value, due to the current flowing into the circuit.
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The model described {(as in the case of that for the
atreamer) censldere an equivalent leader, which, for
all geometries, propagates from one electrode only,
across the gap with a propagation time equal to that
of the actual leaders. The use of eq. {5) or (6) for
the calculation of the leader velocity, implies that
the leader progression stops if the average gradient
in the unbridged part of the gap falls below the
value Eo'

Ref. [85] gives a summary of the different models
proposed. There it is alsc shown that for all the
configuratione examined the most satisfactory results
are obtained with the help of egqg. (5), (dimensions
KV, m, m/8B).

dl/dt = Vl {5)

170d (u(t)/(d5-1;)-E ) exp(0.0015u(t)/d )

The values of E, are obtained from Fig. 28 for the
relevant polarity and geormetry. d

The constante for equation (5) relate to rod/rod air
gaps however, and are thus not optimally applicable
to other geometries.

As a practical simplification in reference [104] the
formula

dl/dt = ka(t)(u(t)/{d "1y} ~ E (6}

ol
wag introduced as a “best-fit" to the voltage/time
curves for standard lightning impulses. Contrary to
the assumptions made in reference [B86) however, the
constants k and E_ have been found to be dependent on
the gap configuration and insulator type. As
guidance the following walues apply to practical
configurations:

Conftiguration Pol k Eo
m?v 2571 Rvm L
s -6
air gaps, post + .8 . 10 600
and longrod 6
insulatora - 1. 107 670
. -6
cap and pin + 1.2 . 10 520
ingulators -6
- 1.3 . 10 600
when the voltage/time curve for standard 1.2/50
lightning impulses ie known, the best fitting
conatants may alse be determined by numerical

calculations for selected combinations of flashover
voltage and time to breakdown, ae in Chapter 6 (app
4), for example.

5.5.4.4
Leader gurrent

The methods based on the physical approach allow the
interaction between the breakdown process and the
generating circuit te be taken into account. During
the discharge development a current flowa in the
circuit so that the voltage applied at the gap is not
the voltage from the unloaded generating circuit. The
voltage drop more pronounced the higher the
overvoltages considered.

is

Reference [85] proposes the use of a simplified



linear expression of the type (7) for the estimation
of the leader current.
i=qu, (7)

q = charge per unit ieader length (400 uC/m for
practical gap configurations)

The estimate obtained of the leader current is
inaccurate due to measurement problems. Inaccuracies
are also caused due to the assumption on the basis of
which the streamer propagation
completed. Any possible further streamer delay after
the instant the average gradient has reached the
critical value, is included in the leader propagation
time and may lead to inaccurate current calculations.

is assumed to be

The error made, however, is not very significant,
becauee errcors in calculating t with high
overvoltages are already much reduced when the

voltage drop is estimated with any of the proposed
models.

5.5.5
Conclusions and recommendations

The evaluation of discharge parameters should
preferrably include a procedure for taking into
account the circuit behaviour. This is essential when
voltage/time curves have to be calculated, especially
at high overveoltages. In the physical model the
streamer phase can be considered with sufficient
accuracy, through knowledge of the gap factor and the
gradient for positive and negative streamers. Ia the
case of negative polarity, the gradient depends also
on the gap length.

Correspondingly, the leader velocity and leader
current can be evaluated from the equations given
above.

Despite the simplifications made, the physical model
given by the equations (2}-{6) is valid for a large
variety of impulse shapes and allows an accuracy
generally better than 10 % for most configurations.
The integration methods have comparable accuracies
but more restricted application relation to
waveshapes. Based on the above, it can be concluded
that no single approach alone can exclusively be
recommended feor all applications. The empirical
methods can give a good accuracy when they are used
within their validity limits; i.e. when specific data
are used for a specific insulator or gap, together
with a careful application of the empirical model.
The use of voltage/time curves as recommended by
IEEE, works well in the short time-to-breakdown
domain (2~6 us).

in

The physical model presented in section 4 has the
greatest general wvalidity and can be used in the
evaluation of dielectric strength of a variety of
gecmetries, provided the appropriate constants are
correctly derived for the corresponding V/t curves.

A8 a general guide therefore, the leader-progression
based simplification of equation (6) has proved to
have adequate accuracy for most normal engineering
calculations, and is recommended for such purposes.

In its given form, this yields an estimate of the 50%
breakdown value. Statistical calculations may be
addressed using the corresponding dispersion obaerved
in E_.

L]

5.6 Impulse Corona Representation

5.6.1 Introduction

The effect of corona on overvoltage surges on lines
has been known for many years and many of the
fundamental assumptions still valid today have been
known since 1937. The firet important investigations
on the subject were carried out by Skilling and Dykes
[87), who stated that the effect of corona is due to
the loss of energy necessary to form the corona space
charge around the conductor and can be expressed by
a time delay.

This time delay applies to the front of the impulse
and the tail is asgumed to be unaffected by corona.
The applicability of the concept has been checked
with measurements on a 250 m long artificial line and
with measurements on real lines, by Brune and Eaton
[8s].

The second important series of investigations on the
effect of corona was carried out in the 1950's,”

[89,90], from which, in particular, the line
measurements by Wagner, Cross and Lloyd (90] still
represent the most suitable source to check

assumptions on corona effects. From analysis of
these wvarious results the following conclusions can
be drawn:

- For positive surges and for sufficiently high
voltages the corona effect is independent of
the conductor size and geometry. Except for
one conductor (24 mm diameter), the same
applies for the negative polarity.

- For low voltages the curves differ due to the
different corona-inception veltages.

- Weather conditions have no significant
influence on the corona distortion.

- The coupling factor increases with increasing
voltage values,

- The tail of the surges is not influenced by

corona.

In addition, Wagner, Cross and Lloyd proposed to
represent the time delay HTC in the front of an
overvoltage by

ar_/a=[ (1+xc/c)d-1)/v (1
Where JC/C is the alope of the Q/U curve at a given
voltage, a quantity which has been called the
"dynamic capacitance" by Gary and co-authors [92,
93]. They point out that JC is purely voltage
dependent and the addition of this voltage-dependent
capacitance to the geometrical capacitance can be
used in analog or digital computer calculations.

The concept of the dynamic capacitance was also used
by Gary, Dragan, and Cristescu [92, 93], giving in
addition, quantitative dependencies [93]. With their
definition Weck and Késter ({94, 95| propose to
describe the Q/U curves by

Q = [€, + € + K(U-U;)]U {2)
where
C; = initial capacitance jump at Ui
CO = geometrical capacitance

consatant



Further investigations that should be mentioned are
the line measurements by Inoue [96}, because they
report the only measurements on conductor bundles,
the ©/U curve measurements by Garbagnati [971].
because they cover a wide range of conductor
gecmetries, and the coupling measurements by Gary
e.a. |98], which represent useful additions to the
line measurements of [90].

In the presented summary the following items are
discussed:

- Determination of the coreona inception voltage.
~ Deacription of Q/U curves.

- Methodas of determining the distortion of

travelling waves on lines.
- Coupling due to multiple-phase
representation.

corona;

5.6.2 Corona Inception Voltage

The corona inception voltage U, is determined by
calculating the corona inception field strength on
the conductor surface and from this the corresponding
inception voltage. The corona inception field
strength depends on the electrode curvature which can
be described by [99-101]:

req = E/~{dE/d8) = 2rl.r2/{rl+r2]
Where ry and r. are the two radii of curvature at the
point of interest. For conductors the equivalent req
is equal to the conductor diameter dc.

For the determination of the inception field strength
the streamer approach has been considered most
applicable {98]:

_ Q.37 ~1
E, - 2300 (1 + 1.22/req } kV m

with req in cm

5.6.3 Charge Versus Voltage Curves {Q/U curves)

The three groups of investigators Wagner e. a. {9¢C
91), Gary e. a. (92, 93] and Weck e. a. [94, 95]
agree in the principal division of the Q/U curves
into three parts

- Below corona inception the Q/U curve is a
straight line determined by the geometrical
capacitance.

- hbove corona inception the ©/Y curve shows an
increased charge due to corona as long as the
voltage increases.

- For decreasing voltages the Q/U curve again is
practically determined by the geometrical

capacitance.

For the description of the corona affected aecond
part, three proposals exist:

- description by the energy loss (92, 93]

- description by the dynamic capacitance {90,
91]

description by the corona capacitance {94, 95]

AS the proposals are based on the same or similar
measurements, they are equivalent. The proposal of
references {94, 95%), however, lends itself to easy
appllcation. The corona capacitance is obtained from
formula (5):

C = Q/U = C HCp*+R (U-U ) = C+Cp (5)

Figs 29 and 30 show two examples obtained from the
results of references [92, 103, 195}, which
demonstrate sufficient accuracy of the linear
approximation. Note that in this approximation the
current cbtained by

,_d0 _ . au
T de du de

{ie, the dynamic capacitance) is equal to

c + C

Cdyn =€, 1~ Ki + 2 KU

The initial capacitance Cy is caused by the streamer

onset mechanism and causes a jump in the capacitance,

which is less than 1pF/m. Its determinatien is

difficult, hecause it requires an accurate,
determination of the corona inception voltage.

Cy @

10

9]
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Fig 29 - Corona capacitance versus voltage
amplitude; 6 5mm conductor

diameter.
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The constants K for single conductors are given in
Fig 31 dependent on the conductor diameter. Fig 32
showa the approximate dependence of the constant on
the number of subconductors.

5 —
(o]
4
K
o)
(&
ka) @
o
!
2 |
o
0
0 20 40 60 d(mm}
Fig 31 - Corona constant versus conductor

diameter, positive palarity,

In yreference [97] it is proposed to simplify formula
{5) to

C =

K KU

above corona inception. For practical applications
such a formula is useful; it is, however,
inaccurate for the description of Q/U curves and the
constants derived from this approximation may differ
considerably from those derived from formula 5.
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Fig 32 - Corona constant K versus number of
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conductor

As impulse corona may make very large extensions,
measurements from cages show higher corona than those
made at high potential on lines. Therefore, such
regulte from cages should not be used. &as shown in
reference [97] the height above ground has only
little influence and an accurate simulation of the
actual height in the laboratory is not necessary. In
relating laboratory measurements to practical line
gituations, the basis should be in terms of corona-
onset gradients,. The applied voltage shculd,
however, be sufficiently smaller than the breakdown
voltage to aveid an accelerated streamer charge.
This means that the applied voltage should not be
higher than half the height above ground (or distance

ta earthed ebjects) multiplied by 500 kV¥/m, when the
actual line dimensions are not maintained in the

laboratory. The corona charge of a given conductor
can then be determined by the following principles.

1. Below the corena inception voltage the charge
is determined by the geometrical capacitance
Co_

2. When the voltage rises above the corona
inception voltage, the charge is determined
accerding te equation (5}).

3. When the voltage drops, the charge |is

determined by the geometrical capacitance as
in step 1. This situation pereists as long as
the wvoltage stays below the maximum value
reached in step 2. TIf it further increases
equation (5) is again valid.

5.6.4 Coupling Between Conductors

The increase of the coupling between the conductors
due to corena has been reported by Wagner e. a. [90]
for line measurements and by Gary e. a. [98] for
short conductors in the laboratory. The coupling
factor for the unsurged conductors ia given by

Ko=Up/Uy = (Inl((H o8, 200,27 ¢ (01, 240,70 )3

(6}
/1n(2Hl/r1)
H1 t height of the surged conductor
Hy, : height of the unsurged conductor
Dd : horizontal distance between conductors
L radius of surged conductor including corona



In equation (6) the denominator can be replaced by

ln(ZHl/rl) = 2nco/C = 2n50/(co+ck) (7
which leads to
K_ = (1/2ne_yla[(C_+C, }( (H,+H,}2+D 2}/
c o o "k 172 d (8)
2 2
((H-H,)" +D47)]

Since according to equation (5}

o]

K c

1+ K (u-ug)
the coupling factor increases linearly after corona
inception.

Measurements on such short sections were carried out
by Gary e. a. {98] at 16 mm ¢, 31 mm ¢ and a 2 x 31
mm ¢ conductor. The results are reported as the
ratio of the coupling factor to the geometrical
coupling factor without corona. From formula 8 it
follows immediately that this ratio is given by

Kc/Kg =1+ g /fc
above corona inception. Where K_ 2 = geometric
coupling factor (ie, egn 6 with r = conductor
radiue}. A Bystematic difference between the variocus

voltage shapesa inveatigated is not preseat.

Owing to the large dispersion in available data, the
initial capacitance C not be evaluated.
Therefore, the following summary of results relates
only to the corona constant K.

could

A comparison with the K-values determined from the
Q/U curves shows good agreement with the exception of
the negative 2-conductor bundle. Here as in the line
measurements the corona behavicur is the same as for
the single conductors.

As a conclusion it can be stated that the coupling
between conductors can be determined from the
geometry and from the corona behaviour of the
conductor to earth. It could thus also be included
in a travelling-wave calculation.

5.6.5 The Deformation of Travelling-Waves on Lines

Only a few measurements on lines exist:

Single conductor lines

Wagner, <Cross, Lloyd [90]: 23.6, 41.9 and
S0.8 mm ¢ conductor, height 15 m, distance
between phases 9.8 m.

Gary, Dragan, Cristescu [92]: 26.4 mm ¢
conductor, height 7.5 m (?), distance between

phases 7 m.

Inoue (96]: 25.3 mm ¢ conductor, height 22.2
distance between phases 11 m to conductor
14.8 m to conductor aside.

m,
below,

Bundled conductors
Ingue [96}: 2 x 25.3 mm ¢ bundle and 4 x
22.4 mm ¢ conductor, height 14 m, distance
between phases 8 m to conductor above, 16.4 m
tc conductor aside.

The results were evaluated by Wagner e. a. using IT/d
depending on the instantaneous voltage value. The
curves are given in Fig 33. A comparison with the
other measurements for single conductors shows that

Conductor Corona Constants this adopted approximation holds true within the
bDiameter measuring accuracy. It can be seen that the curve
mm K+ K- approaches a linearly rising characteristic at high
pF/kVm pE/kVm voltages, ie, the steepness of the overvoltage in
this part is independent of the voltage value. This
16 5.4 10“3 1.6 10-3 observation has been used by Weck {104] to determine
the steepness of an incoming lightning surge by
31 4.8.1073 1.8.1073 . 1 )
2 x 31 4.4.1073 1.6.107° /s, + & . d
where A is a function of the line geometry only.
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following

From the available data, as above, the
values for A have been derived:
Conductor A, A_
us/kVm us/kvm
- -7
23.6-26.4 g.107’ 8.6.10
- -7
41.9 1.1.10 4.6.10
- -7
50.8 1.4.10 4.1.10
- -7
2-bundle 1.4.10 6.5.10
- -7
4-bundle 1.1.1¢ 6.5.10

Although these approaches may be advantageous

application,

they must

be

carefully

for

considered.

Firatly, the evaluation of steepness in some cases is

very difficult.

This results in a large dispersion

of the results, as already shown in Figure 33 for the

JT/d approach.

Fig 34 shows

an example of the

evaluated steepness emphasizing the important
negative polarity.
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Fig 34 - Inverse steepness versus distance.
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e

conductor

negative polarity.

+ Wagner

B0Q kv

X Gary

diameter,

850 kv

© Wagner 1300 kV 4 Inoue 1650 kV
O Wagner 1700 kv

It is interesting to note in the table above that the

constant A+
radius.

increases

with

increasing

ceonductor
Thie has been already recognized for the

coerona constant K, in chapter 5.6.3. Fig 3% compares

the constants dependent on the conductor diameter.
They approximately follow the same trend.
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Fig 35 - Constants A, and K, versus
conductor diameter, pogitive
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The ratio

Ay

180q

h

L
wihich is about half the surge impedance of the line.
This is an important factor establishing an
equivalent corona model. It has to be observed,

in

however, that the constant A_ does not follow the
Bame law. It decreases with increasing econductor
diameter, although the corona constant shows the

opposite trend.

It is interesting to note that the ratio of the
constants A_ for the conductor bundles to the small
conductors is practically eqgual to the ratio of the
surge impedances. For these small conductors the
ratjio

A_/K_ = 4000
which would correspond to the surge impedance of the
line, approaching values less than half the surge
impedance for the higher conductor diameters as for
positive polarity. These uncertainties have to be
kept in mind, when judging the applicability of
models,

Concerning the time delay at the corona ineception
voltage, an obvious assumption is that at the instant

of corona inception, the dynamic capacitance,
provided by corona at U, is added to the line
capacitance. The evaluation of Wagners data gives

the values:

Conductor corona. cap at Ui
mn ¢ =¢C, + KU,
i i
23.6 + 3.9 pF/m
- 2.2 pF/m
41.9 + 4.8 pF/m
- 2.0 pF/m
50.8 + 4.9 pF/m
- 2.3 pF/m

With the corona constant K evaluated as described
above, one derives initial capacitances of 2 pF/m -
3 pF/m for positive polarity and of 0.6 - 1.7 pF/m



for negative polarity, the highest value belonging to
the 23.6 mm ¢ conductor.

It must be specifically mentioned that bundled
conductors differ from single conductors mainly in
the time delay at the corona inception voltage.
Starting from the single conductors this time delay

decreases for the 2-conductor bundle and is
practically 0 for the four conductor bundle. As far
as further increase of the voltage is concerned, na

additional eystematic differences appear to exist
betwean the single conductor and bundied conductor
gsituations.

5.6.6 Modelling of Corona in Travelling-Wave
Calculations
As shown by Gary [105] corona favours a quasi-

cylindrical discharge around the conductor, which
consists of distinct streamers with leader stems.
This obaervation suggests the assumption that corona
increases the capacitance of the conductor by
increasing the current to earth without decreasing
the inductance.

The realisation of this approach is to add a voltage-
dependent capacitance to the line

= C, - + 2KU

[od KU. 10
ayn ™ C1 . (10)

according to formula (6) neglecting the geometrical
capacitance C,e because it ia already inciuded in the
travelling-wave concept.

As an example, Fig 36 shows calculated voltage shapes
for the measurements of Wagner [90], 23.6 mm ¢
conductor, positive polarity. The line was matched
with the geometrical surge impedance of 450Q2. Good
agreement was reached for CI = 3Ipf/m and K = 3.10°
pF/kVm, both wvalues being in agreement with those
found in chapter 5.6.3. Evaluating the variation of
the eteepness with the travel length, a ratio of
A+/K+ = 270 ohms is cbtained, again in a reasonable
agreement with the values found in chapter 5.6.5.

A
2000
u
(kV)
1600
1200
800
400
b (ps)
Q '
0 1 2 3 4 5
Fig 36 - Calculated wvoltage ghapes after
620, 1300 and 2200m travel.
Conductor diameter 23.6 mm,

positive polarity.
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When corona is modelled in a multi-phase calculation,
the wvcltage dependence of the corona has to be
transformed into a charge dependence, because corona
depends on the dielectric field around the conductor.
However, measurement lines with wvoltages on
several conductors are not available and, therefore,
definite recommendations cannot be given.

on

5.6.7 Estimation of the Coreona Deformation

The basic assumption for an estimation of the corona
deformation of overveltages on lines has already been
given in reference [90}. It may be assumed that the
traveliing-wave velocity is decreased by the action
of the dynamic capacitance owing to corona.

v =

V(1 + cK/co)_5 (11)

where

cy =

{C; - KU;) + 2KV

(12)

u‘

U+duy dT= T(U+du)-T(u)
S
Sx +dyx = X
145, dr
du
u
dr _ 1
dy V¥

Fig 37 - Schematic steepnesgs retardation.
The applicaticon of this concept to the oteepness
retardation {as illuatrated in Fig 37) results in the
dependence
ds = - 5
dx

xzo(lﬂ:k/co)"i (13)

With the

approximation that Cp — Kuy is approximately
equal to

zero this formula changes into
4s = - s°
dx

xzo(1+2xu/co}"3 = ag? {14}

The steepness change with the travel distance X
depends on the voltage consldered. For the example
in chapter $.6.6 with K = 3.10 ° pF/kvm, Z_ = 450
ohm, Co = 7.4 pF/m and voltage values 400 kV and 1600
k¥, the ratlo

= -1
MK zo{1+2xu/co) (15)
varies between 390 and 300 Ohm with an average of 330
Ghm.

When A is considered tc be approximately constant,
equation {14} can be integrated and results in the
distance dependence of the steepness given in formula
9. Furthermore, the effect of the voltage ilncreases,
the higher the corona constant K. Thls supports the
chservation made in chapter $.6.5 that the ratlo A/K
with radius in
negative polarity and that it is emaller for positive
pelarity than negative. The approximationsa
proposed by Wagner (90] and by Weck {95]) are,
therefore, coneistent with each other.

decreases increasing conductor

for



As a conclusion it can be stated that for a known
conductor geometry the corona constant K can be
ectimated from Fig 31 and Fig 32, With the voltage
level known, the constant A can be determined from
formula 15 and the steepnces retardation with the
travel distance on the line is given by formula 9.

6. THE DBACRFLASH

6.1. Introduction

A lightning stroke, terminating on the shield wires,
creates waves of current and charge which produce
potential differences across the line insulation. If
the potentials exceed the line insulation atrength,
flashover occurs. This event is called a backflash
(or backflashover) and the number of flashovers per
100 km per year ls defined as the backflash rate or
BFR.

The purpose of this chapter is to present the
essential background and the general concept of the
backflash event and to provide guidance not only to
the practising engineer but also to the investigator.
Equations and curves are provided to permit an
estimination of the required insulation strength and
footing resistance for a new design, or
alternatively, to permit an assessment of an exiasting
design. Consistent with the rest of this reporkt,
this chapter concentrates upon the more important
negative downward flash.

6.2. Background

1. In 1950, measurements of currents on transmission
line towers were assembled into a "AIEE statistical
distribution", having a median of 15 kA and a log
standard deviation of 0.98. Using this distribution
and assuming a 2uys linear front of the stroke
current, Harder and Clayton [106) produced curves to
estimate the BFR. This was followed by an AIEE
Committee Report [107) in which the authoers changed
the front assumption to 4 ps since the 2us front
resulted in more midespan flashovers than was
justified by field data.

2. Fleld theory was invoked to provide a detailed
analysis of the shield-wire/tower/phase-conductor
system . {108-1127]. Lundholm, Finn, and Price [109]
developed the “loop-voltage" method to determine
potential differences across the line insulation.
Wagner {110-111] applied this method to show that
travelling wave theory could be used to approximate

the results of field theory provided that the
artifice of a sgurge impedance. be employed to
represent "the tower. He further calculated the

voltage produced across the Insulation caused by the
charge in the channel above the tower and suggested
that this component may exceed that produced by the
current and charge injected into the tower.

3. Wagner [113-114} also investigated predischarge
currents (those which are a precursor of the
breakdown process), and noted that the current shape
is similar to that of the lightning stroke current
and that these currents could inhibit flashovers. He
noted further that these predischarge currents may be
regsponsible the apparent lack of midspan
flashovers,

for

4. Fisher, hndersen, and Hagenguth used reduced-scale
modeie of the asystem (called nanowecond models} to
obtain the response of the tower-shield wire
syatem [115}. HMonte Carlo methods were then used by
Anderson to determine the BFR [116]. 1In this study
Anderson employed new distributions for both the
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current and the time-to-crest. The stroke current
dietribution was piece-wise log-normal, having a
median of 46.5 kA and log standard deviations of
0.71 for currents below the median and 0.41 for
currentsd above the median. The distribution of time-
to-crest had a median of 1.57 ue and a log standard
deviation of 0.60.

5. During the following years, new methods of
estimating the BFR's were by several
investigators taking into account the results of the
above investigations but with the overriding
practical principle to produce methods which would
agree with field experience. In 1964, cCclayton and
Young [117] reformed the previous estimating method
[106] wsing the AIEE current distribution but
employing a relationship between the crest current
and wave fronts of 2, 4, and & Hs. Anderson, Fisher,
and Magnusson {118] and Anderson {24] furthered their
earlier work producing a comparative method which
employed the results of reduced-scale model tests and
the current and time-to-crest distributions as
mentioned in the preceding paragraph. Sargent and
Darveniza [119] developed a method to estimate both
the single and double-circuit BFR's and applied theae
to evaluate altarnative designs [120]. For this
method they also used the AIEE current distribution
and the crest-current/time-to-crest relationship of
Clayton and Young.

devised

6. During this period, the results of more extensive
measurements of lightning parameters were becoming
avallable. Spzor [121] showed that Polish records
indicated median currents of 30 kA, Popolansky's
[122) records showed median currents of 25 kA, and
Berger's (23,20) results gave a median of 31 kA and
a log standard deviation of 0.46. The use of these
results, as shown by Ah Choy and Darvenzia [123]
produced BFR's which exceeded those previously
calculated by aver 200 percent.

7. Ah Choy and Darvenzia [123] analyzed the effect of
the charge in the stroke channel as first discussed
by Wagner. Assuming a finite length of an upward

streamer, as opposed to zero length, decreased the
voltage across the insulator by up to 100 percent.
However, the voltage still represented 17 to 28
percent of the insulator strength. A discussion of
this paper by Ciudice and Piparo showed results of
their investigation which indicated further
reductions in voltage. Therefore, thie component of
voltage has been neglected in all estimating methods.
B. In 1982, with the recognition of the revised

. atroke current distribution, Anderson [24] produced

a new estimating method useing a constant 2 pe front.

This method with minor modifications was adopted by
the IEEE working group and published as the IEEE
method [25].

A8 noted in this brief background, significant
advances have been made in both the theory of
calculation of the BFR and in the practical

application of this theory to produce estimating
methods. To a eignificant degree these developments
were a result of attempts to explain the high
flashover rate of the AGLE/OVEC 345-%V double circuit
line (®ee Chapter 4). However, of equal Importance,
the maelstrom of activity was a result of the new
lightning crest-current distributiones which required
alterations and reformation of estimating methods.

6.3 The General Concept

M lightning stroke terminating on the shield wire,
Figure 38, creates waves of current and voltage which
travel along the shield wire. At the tower, or at
any point of impedance discontinuity, these wavesa are



reflected back toward the stroke terminating peint
and are transmitted down the teower and outward on the
shield wire to an adjacent tower. Travelling with
these voltages and currents are coupled voltages on
the phase conductor. This process of reflection and
transmission continues and
across the alr insulation
across the alr insulation
Lower.

voltages are produced {1}
within the span and (2)
or the insulatorse at the

The highest potential differences occur at the sbtroke
terminating point and decrease as a function of the
distance from this location. In contraskt, the
maximum insulation strength occurs at the midspan:

the minimum at the tower. Thus, the flashover
location, either within the span or at the tower, is
dependent on the comparisoen of the potential

differences caused by the stroke to the insulation
strength. As shown in Appendix 3, flashovers within
the span are possible but are insignificant compared
to flashovers at the tower. Thus, for the wusual
situation, in which the shield wire to conductor
clearance is much greater than the tower insulation
length, span flashovers may be neglected and only
flashovers at the tower need be considered.

The maximum voltage produced across the tower
insulation occurs for a stroke terminating at the
tower. Thus, only considering this event would
produce a BFR which exceeds the BFR if all stroke
terminating points are evaluated. An analysis of
this is presented in Appendix 3 where it is shown
that if all stroke terminating points are considered,
the BFR of the line is approximately 60% of the BFR

if only a stroke to the tower is assumed. Thus the
problem of calculating the BFR is considerably
simplified,
[V
bo b
J »—g:"‘"___—’.
L
Cu =
L old =
shio Cu A
Wire =
Phaose T
Conducler L

Fig 38 - General concept of backflash.

6.4 Stroke to Tower

ae shown in Appendix 1, for a stroke terminating at
the tower, the surge voltages produced at location TA
Fig 38 on the tower directly opposite the phase
conductor may be characterized as shown in Fig 39.
The initial wvoltage, UA' and the voltage decrease
from the ¢rest, UTA‘ to the voltage, UR, are caused
by the tower. The time-to—crest of the voltage, U,
occurs at the time-to-crest of the stroke current.
The voltage decrease on the tail of the surge, caused
by reflections from adjacent towers, may be defined
by the time constant, ©, as derived in Appendix 2.
The voltage, Ug- ls primarily caused by the tower
footing resistance.
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Fig 39 -

Voltage for linearly
of stroke currcent.

rising front

a) Surge voltages on tower
opposite phase conductor.

b} Voltage across the tower
insulation.

Reflection from adjacent towers may also decrease the
crest voltage provided the time-to-crest of the
valtage, tf, is greater than twice the travel time
along the span to the adjacent towers. This effect
of the possible decrease in crest magnitude is also
considered in Appendix 2 and a multipling factor,
K., i3 derived so that the resulting crest voltage
hecomes KSP times the original voltage.

The surge voltage on the phase conductor, also shown
in Fig 39, is simply the coupling factor, C, times
the voltage on the shield wire at the tower-top.

The voltage across the air clearance or across the
insulator string, Fig 39, is composed of the
difference in the surge voltages of Fig 39 plus the
power frequency voltage, U,., which exiats on the
phase conductor at the time of the satroke. Usually
the wvalue of this wvoltage is assumed to be the
average value of 0.83 times the crest walue of the
line-to-neutral phase voltage. (See Section 6.9 for
a further discussgion.)

Crest voltage, UI' is:
u, = IKBJ Ri(l~C)+aTZT{TA—CTT)/tE +UPf (1)

where T, and T, are the travel times to points TT and
TA on the tower ({Fig 38), ZT is the tower surge

and a_ and Re are defined aasa:

impedance, T



@p = {Zp-R J/{204R, ) {2)
R, = ZgRi/(Zg+2RL)

where R, 13 the impulse~ or current-reduced tower
footing resistance and Z_ is the surge impedance of

the shield wires. From Chapter 5,
- -1
Ri RO(1+IR/Ig) (3}
I_ = E p/2rR 2
g g o

where R, is the measured or low current tower footing
resistance, p is the soil resisitivity, Ip is the
current through the footing resistance, and Eg is the
80il breakdown gradient of 400 kv/m.

To obtain the c¢ritical current, I.- defined as the
current Aat and above which flashover occurs, the
¢ritical flashover voltage for the waveshape of the
voltage of Fig 39 must be known. Using the leader
progression medel, a regression equation is presented
in hppendix 4 which permits the estimation of the
critical flashover voltage, Urong (or the permissible
crest of the voltage, UI)' in terms of the standard
lightning impulse critical flashover voltage, Ugq:
Therefore, from equation 1, the critical current
becomesg:

L (USONS—UPF)/KSP[Re(l—c)+uTZT(TA—CTT)/tf] (4)

The BFR is the probability of exceeding this current
multiplied by the number of flashes to the line, NL’

times 0.6 to take account of the span effect
{Appendix 3). However, since the voltage, UI' and
the non-standard critical flashover voltage, Usons*

are both functions of the time-to-crest of the stroke
current, the critical current of equation (4) is a
variable. Therefore, the BFR considering all times-
to-crest isa:

BFR = O.6MN I i f(I/tf)f(tf) dI dt, {5}
fe]
c

where f(I/t.} is the conditional probability density
function of the stroke current given the time-to-
crest and f(tf) is the probability function of the
time-to-creat.

As noted in Fig 38, only one phase of the line is
considered. However, in principle, all phases should
be considered. That is the critical current should
be determined for each of the phases and the lowest
critical current should be used in eguation 5. See
Section 9 for a further discussion.

Before dealing further with the above eguation, the
actual stroke current waveshape is examined in the

following section. ’

6.5 Stroke Current Waveshape

The preceeding equations and the voltages as shown in
Fig 39 are developed for a linearly rising front of
the stroke current. However, the front of the first
stroke current is concave upward which may be
approximated by the equations developed in Chapter 5.
This formulation of the wavefront produces the tower—

top voltage as shown by the solid line
40 for a l00OkA stroke having a median
minimum equivalent front (t_) of 2.7us
front defined by the 30%/90% points of

curve of Fig
value of the
and a median
6.0 us. The

dotted line curves show the voltage as produced by
lineariy rising fronts for time-to-crest equal to

these wave fronts. As noted, the

actual crest

voltage lies approximately between the crest voltage

for the two linear fronts. Therefore, the use of the
minmum equivalent front represents a conservative
approximation and is used for further study.
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Fig 40 - Comparison of tower—top voltage
for a concave upward front having
a median value of time-to~crest
for 100 kA first stroke with
tower-top voltages for a linearly
rising front. Minimum equivalent
front of 2.7 us. Median 30/90%
front of 6.0 pa.
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Fig 41 - Critical currents for 230 kV and

500 kV lines of Fig 42.

6.6 Effect of Wave Front on the BFR

Returning to an examination of equation 5, the
critical current as a function of time-to-crest is
presented in Fig 41 for a double-circuit 230kV line
and a single-circuit 500kV line whose parameters are
given in Fig 42. The resuitant BFR from equation 5,
is alasc shown on the curve.
can be obtained by use of a single front, T also
shown on the curves which results in the critical
current as indicated, A3 may be expected from
astatistical considerations, these fronts, T , are
approximately the median fronts for the critical
currents, which, as obtained from Chapter 3, are
presented in graphical form in Fig 43.

This same value of BFR
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Characteristics of Typical Lines

{ Distances

A Doyble-Circuit Lines

System Voltage

in meters )

kv Hry  Ha Hg H¢ S¢ Spe Spp  Lg Cy Cp Cc
115/138 25 21.3 11,7 141 3.% 6.7 8.5 310 .360 262 199
230 35 29.5 24.1 18.7 5.0 8.5 11.0 a7 .150  .2¢8 181
345 40 32.4 25.1 1.8 5.8 1.0 15.0 118 L3210 L2150 147
£230 15 29.5 24,1 18.7 o] 8.5 11.0 600  .223 .15%8 .16
tx230 10 64.5 5%9.1 53,7 5.0 8.5 1.9 421 .420 .335 283
£ Sinpgle Shield Wire
1z Used for sensitivity study
B Single-Circuit Lines
System Voltage
1'3% Hy H, Sg Sp Zg C. Cy
115/138 17 13.5 4.5 4.2 339 .218 L3132
230 20 15.6 5.0 5.5 140 .264 1R |
345 20 14.0 1.6 1.2 4 .238 .281
500 25 17.0 14.0 9.0 329 L 232 .253
765 30 i8.0 16.0 1.0 333 . 188 L2113

Fig 42 - Parameters of typical lines.
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Fig 43 Median and mean values of time-to

-crest (minimum eqguivalent front)
given the stroke current.

All shield wire diameters are

Since a single equivalent front may be used to obtain
the BFR, eguation § is reduced to:

@™

BFR = 0.6N J £(I) dI = G.6N P(L_} (6)
IC

whera P(Ic) is a convenient notation for the

integral.

The front to be employed for equation 6 is the median
front as per Fig 43. This requires an iterative
solution since the current and front are dependent
variables. From Fig 43, it is to be expected that
lower voltage lines having lower oritical
fronts of 2 to 2.5 ps are appropriate

whereas for higher voltage lines,

for
currents,
fronts of 3 to Sus
are indicated.

In calculation of the critical current of Fig 41, all
phases with their
heights were considered.
line,

attendent coupling factors and
For example, for the 230-kVv
for fronts lees than 0.5 s, flashover occured
on the top phase. As the front increased,
occurred on the middle phase and for fronts greater
than 0.8 us, flashovers ccurred on the bottom phase,
the with the factor.

flashovers

phase lowest coupling



Therefore, since the equivalent front greatly exceeds
C.8 pas, the coupling factor to be employed in use of
equation {(6) ias the lowest one; that for the bottom
phane for a line having a vertical phase
configuration or the outermost phase for a line
having a horizontal phase configuration.

Note, for the purposes of this analysis, the leader
progreseion model of Appendix 4 was maintained uging
a positive polarity critical flashover gradient of
together with a constant
400 kv/m.

S60kV/m,
gradient Eg =

s0il breakdown

BFR (floshower/ ! 00km -year)

BFR (Fiashower/100km~year)

50 Rg{) Ag

Fig 44 - Eetimation of the BFR.

Span length of 300 m, Ng = 4.

a} 230 kv 8ingle-circuit line of
Fig 42.
b) 230 kv double-circuit line of

Flg 42.
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6.7  Sensitivitieg
The BFR of a double-circuit 230-kV line and a single-
circuit 230-kV line whose parameters are given in Fig
41 are presented in Fig 44 as a function of the
normally measured low current resistance, Ro, with
the ratio p/Ro and U50 as the parameters. As shown
in Fig 45 for cne case, the time-to-crest wvaries
between 2 and $ u8, the impulse resistance is about
50% of the low-current value, and AU/UF {as defined
in Fig 39) is limited to a value of 0.3. This
portrayal of results indicates that for this case,
the tower component of voltage may be minor.

The curves of Fig 44 use the surge impedances and
coupling factors unmodified by corona. Alsc, no
additional effect of grounding inductance as
discussed in Chapter 5 is included. This latter
effect could imply on an apparent increase in tower
height of up to about 100 percent.
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Fig 45 - Variation of parameters for 230 kv

aingle~circuit line of Fig 42(a},.

U50 = 1200 kvV; p/RO=2D;Ng=4.

To assess these effects, (1) the coupling factor was
increased by 10 % and the shield-wire surge impedance
was decreased by 10% and (2) the tower height was
increased by 50 %. The results are portrayed in Fig
46 where the base curve is that taken from Fig 44.
hs noted, thesa two effects are somewhat cancelling.
The increase in tower height increases the BFR while
the increase in coupling factor and the decrease in
shield wire surge impedance decreases the BFR. For
the single-circuit line, the increase in coupling
factor is dominant. However for the double—circuit
line, since a tower height increase of 50% represents
a larger absolute value of tower-height increase, the
two effects are about equal.

To assess the sensitivity to the tower component of
voltage, the tower was neglected. The resultant
curve is shown by the dot-dash line in Fig 46
illustrating that the principle voltage component is
that caused by the footing resistance. To provide a
further assessment of the tower compoeonent, the tower
height was increased to 70m for the double—circuit
230-kV tower. The results are presented in Fig 47
where again the base curve ig that taken from Fig 44.
The other solid line cufve includes the tower
component of voltage while the dotted line curve
neglects this component, In explanation, as the
tower height increases, the surge impedance of the
shield wire increases and the coupling factor



increases 80 as to lower the BFR. However, the tower
component of voltage increases and the number of
strokes to the line increases tending to increase the
BFR. The result, as shown, is an increase in the
BFR. For this case, neglecting the tower shows that
the tower component is the dominant effect for this
incremental change in performance.
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Fig 45 - Effect of increase in coupling

factor, C, caused by corona and
increase in apparent tower height,
H, to represent inductive
grounding effects. Alsc effect of
the tower component of voltage.
300 m span; p/R0=2O;Ng=4.
a) 230 xv single-circuit line,
USO = 1200 kv.

n} 230 kV double-circuit line.
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Fig 48 - Effect of span length. 230 kv
double-circuit line. p/Ro = 20;
U50 = 1400 kv; Ng = 4.
The effect of span length is shown in Fig 48. The

“no tower" curves are those for which not only is the
tower neglected but the effect of the decrease in
crest voltage caused by adjacent spans, the factor
KSP’ is also neglected. Asg noted, the dotted line
curves provide an acceptable approximation.

6.8 A Further Simplification

From the observations of sensitivities, a further
gimplification can be made the equations to
egtimate the BFR. For tower heighta less than about

in

S0 m , both the tower component of voltage and the
factor, KSP' can be neglected, thus eimplifying the
equation for the non-standard critical flashover

voltage to:



Ucong = (0-977 + 2.82/c)U50 17}

where t = time constant of the surge voltage tail
in which the small correction for U has also been
neglected. As displayed by this equation, the
voltage is not significantly effected by the time—to-
crest. Also the critical current becomes:

Io = (Usons ~ Uppl/ (R, (1-C}) (8
Equationa 7 and 8 correspond essentially to the
simplified approach presented in reference [124].

6.9 Discussion

6.9.1 BFR Design Value

No universal agreement exists as to the recommended
design wvalue of the BFR since this is not only a
function of economics but alsoc of the total utility
system design, However, customer reliability
requirements are becoming more stringent and in some
locations, the lightning-tripout design values have
decreased. As discussed in Chapters 1 and 4, the
total lighting tripout rate, the sum of the shielding
failure flashover rate and the BFR, combined with the
probability of a successful reclose operation should
be the design goals.

6.9.2 Calculating the BFR

Calculating the BFR is an iterative process. For
calculations for which the tower component is to be
included, a suggested method is to first select the
time-to-crest of the stroke current ag per Fig 43.
Approximately, for 115- to 230-kv lines, a front of
2.5 ys is appropriate. For 345-kV or above, a 4.0 us
front is more appropriate. Next, asgume a value of

R; equal to 0.5 of R_ and solve for I. using equation

{4) and the equations in the appendix for USONS and
for KSP' Then solve for Ri and again for I If the
two values of I are not wihin about 1 kA, continue

the iteration. After I, is obtained within the
desired degree of accuracy, a check may be made to
determine if the time-to-crest reasonably coordinates

with the value of time-to-crest selected. Either Fig
43 may be used or the equation:
0.624
M /I = 0.154 1 {9)

where th T is the median value of the time-to-—crest
for a gpecific value of current.

If the tower component is to he neglected, again
estimate R, as G.5 of R, and solve equation 8 for I _.
Next, find R; and again find 1.- Compare the two

valuws UL CNe CrltiCal CUurrent and 1r not within the
accuracy deaired, continue the iteration process. No
iteration or check concerning the time-to-crest is
necegsary.

For estimate of U and Zz_,

PF T Bee below.

6.9.3 Tower Surge Impedance

The tower surge impedance may be determined by use of
equations from Chapter S. However, because the tower
component of voltage is not of major importance and
censidering that it is a time-varying quantity which
acts as a type of transfer function to obtain the
voltage across the insulaticn, an approximation
appeares valid. For two-shield-wire lines, a value
egual to 0.5 times the shield-wire surge impedance is
suggested: in general a value between 150 and 200
ohmsa may be used.
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6.9.4 Power-Frequency Voltage

The power—frequency voltage can add or subtract from
the surge voltage on the phase conductor. To more
accurately estimate the BFR and to estimate the
relative probability of the flashover of each phase,
all instantanecus values of power-frequency voltages
should be considered equally likely. However, this
would require numerous sclutions of the equations.
To circumvent this an average value of power
frequency may be used which is sufficiently accurate
to egtimate the BFR. This average or mean value is
dependent on the surge voltages across each of the

phases, For example, if the surge voltage can be
considered approximately equal across all phase
insulations, as is approximately correct for a

single-circuit hoerizontally-configured line, the mean

value is 0.827 times the crest line to neutral

voltage. If the surge voltage is approximately equal

on only two of three phases, which is approximately

correct for double-circuit vertically-configured

line, then this facter reduces to Q.551. A
congervative factor 0.83 is suggested for practical
upe.

For DC lines, the value of Upgp is the crest pole to
ground voltage.
6.9.5 Critical Flashover Voltage

The standard lightning impulse ecritical flashover

voltage, denoted as U.,, is the lowest value
considering all possible flashover paths. In most
cases, except for wood pole designa, only two

flashover patha need be considered: to the tower side
and across the insulator strings {in the majority of
casesd, the insulator string is limiting). In the
absence of directly measured data, the value of this
insulation strength, in terms of the gradient, may be
considered constant at about 560 kv/m {positive
polarity} for either air strike distances or
insulator length [125].

The insulation of wood-pole lines usually consists of
wood and porcelain in series. The wood increases the
ingulation strength and also provides arc
deionization. These effects have been investigated
by several authors [126-128] with varying results.
A summary including results of new investigations is
contained in a book by Darveniza [128]. 1In general
to obtain both effects, the length of wood should be
double the insulator length, at which point wood adds
approximately 130 kV/m. The benefits of the arc
deionization may be stated in terms of the ratio of
tripouts to flashovers, which has been estimated at
typically between 0.35 and 0.50 {107-117] subject to
the influence of many variables such as wood type,
age, fault current magnitude, and pawer-frequency
voltage. Thus, the BFR for wood-pole lines should be
multiplied by this ratijo.

A ratic of tripouts to flashovers aleo applies for
steel and hae been taken to be 0.85 {107]. However,
this ratio for steel is normally not
considered.

towers

Inaulators not constrained from movement, i.e.
vertical inaulator strings, may be moved closer to
the tower by the action of wind, thus decreasing the
strike distance to the tower and pogeibly decreasing
the critical flashover voltage. This effect has been
studied [129] and while the effect deoes increase the
BFR, the increase is minor and may be neglected.



6.9.6 The BFR and Double-Circuit Lines

The BFR as calculated by the preceeding eguations is
in terms of flashovers per i00 km of iine route or
per 100 km of towers. For a singie-circuit line,
flashovers may involve one or more phases. For a
double-circuit line, flashovers may involve one or
more phases and one or more circuitse.

For a double-circuit line having a vertical phase
disposition, flashover to one of the lower phases is
usually most probable. Assuming this phase flashes
over, the most probable phase to flashover next is
usually the lower phase of the other circuit - being
determined principally by the coupling factor effect.
Estimates of the double-circuit flashover rate may be
made by use of the previous equations, modified to
include the decreased value of Z_ and the increased
value of the coupling factor. the 230-kV,
double-circuit line of Fig 42, having a critical

For

flashover voltage of 1200 kV, a R, of 30 ohma, and a
earth resistivity of 600 ohm-meters, the total or
tower flashover rate is estimated as 3.0

flashovers/100 km-yrs of which 0.6 are double-circuit
backflashes. Thus 2.4 backflashes only involve one
circuit and 20 % of the total backflashes involve
both circuits.

To decrease the double-circuit BFR, differential
insulation has been used with varying degrees of

success. For example, for the same parameters as
before, except assuming that one circuit has a
critical flashover of 1400 kV with the other

remaining at 1200 kv, the total BFR remains at 3.0
while the double-circuit BFR is reduced to 0.18.
However, since for thise vertical configuration, space
within the tower must be capable of employing a
sufficient number of insulators to obtain a critical
flashover voltage of 1400 kv, this improvement should
be compared to a tower having 1400 kv on both
circuits. For this case, the total BFR becomes 1.19
and the double-circuit BFR remains at 0.18. Thus,
while it appears true that differential insulation
decreases percentage of deouble-circuit flashovers,
the use of increased insulation on Doth circuitse
regults in improved performance for both the double-
circuit BFR and total BFR.

The calculation method as used above has been
gubstantially improved by Sargent and Darveniza [119-
120}. Thegse authors show the same tendency as
illustrated above and in addition suggest designsg
which may substantially improve the double-circuit
8FR. For a herizontal phase configuration with one
circuit below the other, the most probable flashovers
will be only to the lower circuit. That is,
flashover to the lower circuit, essentially provides
shield wires which completely encase the upper
circuit, thus improving coupling factors to all
phases of the upper circuit.

6.9.7 Tower Grounding

In the previous sections, "concentrated” grounding ——
that achieved by tower footing and supplemental
driven ground rods was considered. From references
listed in Chapter 5, the low-current resistance is
not significantly affected by the diameter of the rod
or for driven depths greater than 6 meters in uniform
resistivity soil. Also, in general, to achieve the
effectiveness of parallel rods, spacings need not
exceed about 3 meters. However, these "rules of
thumb” must be altered when considering lightning
impuise currents which easentially cause an apparent
increase in rod diameter and rod length as shown in
Chapter 5. wWeok that the ionized
diameter, Dr' for the rod may be approximated from
the equations for sphere electrodes,

showsa final

i.e.
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D_ = (ZpIR/nEg)s (10)

r
Thue, ionized diameters may range from 5 to 10 meters
and to obtain the maximum effectiveness of parallel
rods, spacings should be increased to approximately
5 meters.

In areas of high s8o0il resistivity, where rod
electrodes do not provide sufficiently low ground
resistance, counterpoiges are frequently used. Tests
performed in the 1330's were analyzed by Bewley [130]
and recently Devgan and Whitehead [131] re-examined
counterpoise characteriatics and emphasized the need
to consider the frequency-dependent nature of soil
dielectric parameters. Whereas the effect of impulse
currents in decreasing the resistance of concentrated
grounds has been investligated, (see Chapter %), the
impulse-current effects on the distributed grounds,
(ie, counterpoise), has not yet been determined.

It is of importance to recognize that the BFR of the
line is not that obtained by the use of an average
footing resistance. Higher wvalues of resistancer
produce larger than a proportional increase in the
BFR. Therefore, the BFR should be obtained with a
distribution of footing resistances as predicted or
as measured along the line.

6.9.8 Single vo Double Shield Wires

For some applications where either the cost of two
shield wiren net economically and technically
justified or in areas of low ground-flash density, a
single shield wire may be used. ‘This single wire
increages the value of R_, decreases the coupling
factors, and thus increases the BFR. To illusatrate,
Fig 49 'has been constructed for the parameters as
listed in Fig 42 for a single shield wire, 230-kV
line. Note that the ground flash density is altered
to 1 which is equivalent to about 13 thunderstorm
days. Compariseon to the values given in Fig 44 shows
a substantial increase in BFR.
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6.9.9 Arresters

For cases where acceptable BFR's are not attainable
and for cases of unshielded lines, surge arresters
have been placed across the line insulation [132-
134]. Presently, arresters are used or planned for
use on towers having nominal system voltages up to
230 kV although their principle application has been
on lower voltage circuits. Also, arresters are being
employed on one circuit of double-cireuit lines
essentially to eliminate daouble-circuit backflashes.
Sufficient field data is not yet avallable to form a
complete judgement of their effect.

6.10 cConclusions

1. The analysis of the backflash event shows that:

{(a) Although flashovers within the span are
poseible, they appear to be insignificant
compared to flashovers at the tower.
Therefore, flashovers within the span may be

neglected.
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{B) To account for flashovers at the tower caused
by strokes terminating within the Bpan, the
BFR as calculated for a stroke to the tower
should be multiplied by G.6.

{C) The use of the atatistical distribution of

time-to-crest of the stroke current may be
replaced by a single equivalent front whose
value is approximately equal to the median
value of time-to-crest for the specific

critical current.

2. Simplified equations were developed to estimate
the BFR which included the tower component of
voltage. However, a eensitivity anaylsis indicated
that the calculation of the BFR may be further
simplified by neglecting this component of voltage
for tower heights of less than about 50 m.
Considering the inaccuracies inherent in eatimation
techniques, this further gimplification may be used
to quickly obtain an estimate of the BFR for higher
towers.
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Appendix 1

Voltages on Tower - Neglecting Adjacent Towers

Assume that the first stroke of a lightning flash,
having a current i{t), terminates on the top cof a
tower as illustrated in Fig 1.1.

voltage,

The initial surge
U{t), which travels outward on the shield
wires and down the tower, is equal to the current
multiplied by the parallel combination of the tower
surge impedance and half of the shield-wire surge

impedance, Z, and zg respectively or

Z ZT
uft) = ———— (1) (1)
Zg + 2 Zt
T ]
o5 ! T ,__‘ ‘
T . = i)
Phase 47 g =4
Conguclar T
1/£,” 4
5
w
Ri
Y | fme (us)
Fig 1.1 - Lattice diagram for calculating
the tower voltage.
Using the lattice diagram Fig 1.1 with o, and A as
defined below, the voltages at the tower top, UTT' at
the position of the phase conductor, Upp- and at the
footing resistance, UR’ are:
upp(t) = u(t) o (1+n) a(t-2T7) -apfu(t-4T )
(2)
2
+(aTﬂ] u{tABTT) - ..4
g lt) .= u(t-aT)—aTu[t—(QTT*AT)]—GTBUIt“(zTT*AT”

(3)
+aT25u[t—(qTT—Ar}'+(uTn)2u[t—(4TT+ATﬂ

uR(t) = (l—aT) u{t—TT]ﬁaTBu(t73TT)

! (4}
2
+(aTﬁ) u{t—STT) - ...
where:
ZT - Ri Zg - ZZT
an = 8= {5)
ZT + Ri. Zg + 2ZT

and the travel times, TT' TA' and AT are defined in
Fig 1-1 using the velocity of light. Ri is the tower
footing resistance which is a function of the current
through the resistance, Ips and the normally measured

low-current resistance, Ro'

i.e.
= i —%
R, = R (1 + LR(t]/Ig) {6)
I, = Ep/2nR ° (7
g - TgPl Mo
iplt) = uR(t)/Ri {8)
where Eg is the seoil breakdown or ionization

assumed at 400 kV/m and
Although iR
time, and therefore R.L is also a function of time,

gradient,
resistivity in ohm-m.

p is the so0il

is a function of

in

determining the value of Ri' the crest value, IR’ ia

normally used.

Assuming that i(t) has a front

achieving crest at tf and an infinite tail, then as

linearly rising

an approximation:

{1} The voltage Upp at £ =2 TT’ defined as Upr and
the voltage Upp At & =2 The defined as UA' are:
Up = Zp {Tp/tg) {9)
Up = 20(T,/ v,
(2} The crest voltages of Upg and Urnr UTT and Ura
respectively, at t = tf are:
Upp = (Re+aTZTTT/tf)I = Koo T
{10)
Upp = (RobapZ T/t 31 = Kol
Where:
= . . 11
R, Rlzg/(zg+2Rl) {11)



(3) The crest value of the current through the
footing resistance,IR is:

Ip=1 zT/(zT + R} {12)
{4) At £ = tf + 2 TT' the tower voltages, defined as
UR' are equal and given by:

Up =1 Re {13}
Also at this time the current, IR becomes:

Ip =1 zg/(zg+2ni) =1 Re/R.L (14)

For practical values of surge impedances and for tf
greater than I ys, the error in using the approximate

equations 9 to 14 is less than 1 percent. For t. of
1 ups, the error is about 5 percent and for smaller
values of wavefront, the error increages.

Considering that Zp is a time wvarying gquantity and
also the inaccuracy in establishing an equivalent

conetant value of ZT' the use of equaticons 9 to 14
To be that the
approximate equations could be simply derived by

agsuming that Zg = 2 ZT.

appears justified. noted is

Also note that if the tower is neglected, the crest

values of the tower voltages and the final voltages

are identical. These voltages and the current
through the footing resistance are:
Upp = Uppy - Up = RI (15}
Tp = I Z5/(25*2R;) = IR /R; {18)

The tower top voltages, both with and without the

tower, are illustrated in Fig. 1.2.

A Voltage

UT Il Approximation
/! ————— Withoul Tower
’
/!
/
/
4
T b
0] ty Time (ps)
2T,
L2l
Fig 1.2 ~ Tower-top voltage for current

waveshape of Fig 1.1.

Appendix 2

Effect of Reflections from Adjacent Towers

In Appendix 1 simplified equations are developed to

determine the voltages along the tower neglecting

reflections from adjacent towers. These reflections

have two effects. First, the crest voltages, Us, and
U are decreased provided twice the span travel

TA'
time, TS, is less than the time to crest, tf.

Secondly, the wave tail is decreased.

Decrease in Crest Voltage

First consider only the effect of the first adjacent
tower on each side of the struck tower. As shown in
the lattice diagram of Fig 2.1, the reflection and
transmission coefficiente are greatly simplified if
e @9 was the result in
developing the simplified equation of Appendix 1.
The u{t). the
are given by eguations 1 and 5 of
2.1,

time and the surge impedance of the adjacent towers

Zg is assumed equal to 2 2

initial wvoltage, and reflection

coefficient, Gope
Rg noted in Fig.

Appendix 1. the tower travel

are neglected. Also since the current through the
footing resistance of the adjacent towers is much
smaller than that through the footing resistance of
the struck tower, the footing resistance of the
adjacent towers is conservatively maintained at its
low-current measured value of R_. The reflection

coefficient ap ig:

a =

R (1)

zg/(zg+2Ro)

From the lattice diagram, the woltage at the tower
top Ls

upp(t) = u(t)faTu(t—er)][1~aR{c—2TB)

2
+apap (£ (2T +2T ) f-ag ap[t—{4T _+2T.)]
+{a o )2[t—(4T +4T}j + ]
R™T s T s

(2}

Neglecting the travel time of the struck tower for

the reflections, equation {2) becomes:



wp ) u(t)~aTu(t—2TT)] [l—cR(l—BR){t~2TS)
apfgt-aTg) H{agN ) ? (t-6T ) + ... (3}
Where:
N = (zg—zni)/{zgwRiJ (4)
The crest value of the quantity [u(t) - Oy u(t—ZTT)]

isg UTT given by equation (10) of Appendix 1 and is
the voltage when reflections from adjacent towers are
neglected. For

purposes of simplification and

approximation, assume that this voltage has a
linearly rising front. Then new crest voltage, Uppr
bacomes:

Upr = Kpp Kgpl (5}
Where:

Kgp = l-ap(1-Bp} | (1- 2T e} apBp(l- 4T5/tf}+

(aRBR)z(l—GTB/tf)+... (6}

If the struck tower is neglected, then

Upp = RKgpl (N

The terms of the equation - fer Kgp are only valid

where the term (1 - n Tsltf} is positive. That is,
if Tg = 0.5 pa and ty = 4 us, then only 4 reflections
are considered, i.e. n = B.

Reflecticns from other towers may further reduce the
crest voltage, provided they
attalned at the

arrive before crest

voltage ig struck tower. For
example, the first reflection from the second tower,

arriving at 4 Tg i8 equal to:

8upg(t) = —ap(1-0,) (1-ap)> {8)
which le { l-a_ 12

the first tower. For practical wvalues, this
reflection decreases the tower-top voltage Dy Less

times the first reflection from

than 1 percent. Therefore to approximate the voltage
at the struck tower, only the first adjacent towers
need be ccnsidered.

The factor KSP also applies to the voltage UTA and to
UF‘ Thus:

Urp = KraKgpl

Up = KgpR,I {9)

Coneidering only the first traveling wave that

arrives at the adjacent tower, the ratio of the

current through the footing resistance of the

adjacent tower, I to the current through the

RA’
footing resistance of the struck tower, Ip, is:

Ionfip = 2“1“29‘2“0’

-

Initially, the current through the footing realstance
of the adjacent towers is 10 to 30 percent of the
current through the footing resistance of the struck
tower. However, as the resistance Ri decreases, the
through the

Thus the current through

current increases and the current
adjacent towers decreases.
the adjacent towers will decrease to only about 5
percent of that of the struck tower and therefore the

initial aspumptlon appears valid.

l—1—

-a, -y

o— 2 2,/2

O :

o i)

“Qpu

2Tg oo -1

275 42Ty

1
ATg+2T;-—-0108

4Tg+ 41,—-q§q,gu

Fig 2.1 - Lattice determine

diagram to
effect of adjacent towera.
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20 A
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o tQ 20 30 «w R; {0} so
Fig 2.2 - Variation of the apparent tail
time constant evaluated at a

voltage cbtained at t/2.

Zg = 400 0; TS = 1 ua.



Decrcase of Tall

In Appendix I, the tail of the stroke current was
assumed infinite and the resultant tail of the tower
voltage was infinite. To amgess the decrease of the
tail, the surge impedance of the shield wire lis
replaced by ite equivalent inductance, the tower is
and additional inductive/resistive pi-
Therefore, for an infinlte line,

the final voltage approaches zero and as may be noted

neglected,
sectliong are added.
from this network the methed of achieving zero
voltage is through tlme constants consisting of the
inductance and various combination of Ro and Ri.

However, the tail or wvoltage, for t egual to or

UR,

greater than t., may be approximated by a single time

constant, tr, such that

—(t—2tf)/t
Up () = Upe (11}
To evaluate the value of apparent or approximate

value t, a satep function of current having a
magnitude of 1.0 pu was lnjected into the struck
tower, L.e. into the inductance/resistance network.
The time to decrease to (.607 per unit was obtained
and multiplied by 2 to obtain the apparent time
conatant. Fig. 2.2 shows the varliation of t as a
function of Ry using the ratic R /R, as a parametec.
Expected ratios of ROIRi vary between about 4 to 8
and as shown in the figure, for ratios of 5 or
greater, the equation given in the figure ie valid,
that ier

T = (2R ITg (12}

Appendix 3

Effect of Strokes Within The Span

A stroke terminating on the shield wire within the
span produces voltages across the air insulation
between the shield wire and the phase conductor and
aleo across the air-porcelain insulaticon at the
Although the

insulation exceeds that across the tower insulation,

tower. voltage across the span

the span insulation strength exceeds the that of the
tower. Thus, dependent on the relative voltages and

insulation strengths, flashover may occur either

across the span or acrosa tower insulations.

Ity
Z, MTT O shield
Wire
}-—TSI
T TS
7 .
_—Tower
£ R
Fig 3.1 - Definition of variables for stroke

to shield wire.

Flashovers Within the Span

Considering a stroke to the shield wire, as defined
in Fig 3.1, the voltage at the stroke terminating
point attempts to reach a crest voltage of ZqI/2‘
However, reflections from adjacent towers reduce this
TST). The
stroke terminating

voltage provided te is greater than 2(’1's -
at the
point and voltages decrease as the distance from the

maximum voltage occurs

stroke terminating point increases, reaching a

minimum at the tower. To illiustrate, Fig 3.2 shows
the voltage at the midspan and at a location defined

as TS/S from the tower for a stroke terminating at

midepan. Thie decrease in voltage is better

Fig 3.3 where the
parameter is the stroke terminating point defined by

illustrated by the curves of

Tgp-

100

=]
(=] (=]
—
L

[=2]

]
(=]

Voltage, per unit of T
o~
s

4} K/ 7

-20

0 2.5 5 7.5 10 125 15 L{ws) 20

Comparison of surge voltages for a
stroke terminating at midspan.

Fig 3.2 -

tf = 2.0 us; R.1 =20 0
__ _ wvoltage at midspan
———————————— voltage at Tgp = TS/S

To obtain an approximation of the expected number of

apan flashovers ag opposed to tower flashovers,

assume that the waveshapes of all the voltages are
identical sc that non-standard crltical flashover

voltage, is a linear function of the gap

Usons'

spacing. For a typical 500-kV line, the minimum

strike distance at the tower is 3.35 m while the
shield wire to phase conductor epacing varjes from
9.2 m at the tower to 11.6 m at midspan. Thus the
ratio of insulation strength is 3.5. ¥or a stroke
terminating at TST/TS = 0.20, and for tf = 2.0 us,

and R.L = 20 ohma, the ratioc of the wvoltages at



midspan to the voltage at the tower is 2.4. Thus ,

for this case, flashover would occur at the tower.
If all stroke terminating points are considered, for
ke = 2.0 ps, approximately 16 % of the strokes

For ¢ =

result £

in span flashaver. 4.0 us, span

flashover is reduced to about 2 %.

Another phenomenon further reduces the probability of

span flashover. At high overvcltages, predischarge

currents flow from the shield wire to the phase
conducter producing a voltage on the phase conductor
which the the
insulation [113,114].

caleulation will be made,

decreases voltage
Although no quantitative
suffice it to note that

this phenomenon inhibits flashover.

ACross span

Thus, considering both the example calculations and
the phenomena, although
flashover within the span are possible, they appear

predischarge current

to be insignificant compared to flashavers at the
tower.

TST = 0.5

100~

80

Voltage in lhe shiatd wire in per unil of |

60
40 o
20 1
0 T T -
Tower Midspan Tower
Location in spon
Fig 3.3 - Voltages on the sghield wire for
Btroke terminating points defined
by Tgr
tf = 2.0 us; Rl = 20 Q; TS = 1 usa

Flashovers at the Tower Caused by Strokes to the
Shield Wire

For a stroke terminating within the span, the crest

voltage at the tower in terms of Kpp {see Appendix 1)

is:

Upp = 1 ¥pq (1)
where:
Kip = Re+qTZT(TT/tf) for 2T, = t. = T Te)  (2)

54

If

=t

rs) < < 2T

2(T T p s 13)

the crest voltage occurs either at t_. or at
Z(TS - TST}’
footing resistance,
at tf, then:

£
dependent on the value of the tower

ie, if the crest voltage occurs

Kpp = 2Re(T5—T5T)/tf + aTzT(TT/tf) (4)
or if the crest voltage occurs at 2{TS - TST)‘ then:
Kpp = Re/(zg+2Ri)l [zni + 2zg(TT—TST)/tf +

(5)

4aT(Ri/Re)zT(TT/tfﬂ

As noted by comparing these equations to those of
I, the voltage resulting from a stroke
within the span equals that produced by a stroke to
£ < 2{Tg = T the
voltage produced at the tower by a stroke within the
span is equal to or less than that produced by a
stroke to the tower.

Appendix

the tower only when t Therefore,

Fig 2.4 shows a comparison of
these voltages and as noted, the
voltage is
approximately 60% of the voltage produced by a stroke
to the tower.

for these cases,

produced by a stroke to midspan

The crest voltage at the tower in terms of KTT for R
= 20 ohms, for various stroke terminating points, and
for varicus wave fronts, is presented in Fig 3.5.

values on the curves are ratios of the K for

TT
strokes to the midspan to the K for strokes to the

tower. This ratio initially degzeaaes as the front,
tf, increases but then gradually increases aa the
front increases further. This ratio, dencted as the
Ko Ratio, is plotted as a function of t¢/Ty in Fig
3.6 for tg > 2T.. The range of this ratio

relatively narrow, from about 0.58 to 0.77.

is

Assuming a KTT Ratio of 0.7, the effect of strokes to
the the backflash rate, BFR, be
estimated. Knowing the K Ratio and the critical

TT
current for strokes to the tower, Ic,

span on can
the critical
current for etrokes along the span can be obtained if
the USONS for all voltages is considered equal since
I, is approximately:

1 /[Kpp(1-€) | (6}

c = Ysons

Using this approach, the ratio, XSF’ of the total BFR
considering all possible stroke terminating points to
the 8FR when only considering the strokes to the
tower can be obtained and is shown by the solid line
curve of Fig 3.7 as a function of IC. This assumes
that the number of strokes to each incremental length
of the shield wire is constant. if the number of
strokes Lls assumed to vary with the height of the
shield wire, the curve decreases; an estimate being
dotted line 3.7. The
resultant ratio KSF or Span Factor ranges from 0.63
for 50 kA to 0.42 for 200 kh and thus is a function
of the

purposes of estimating the BFR, a single value of 0.6

provided by the in Fig

system operating wvoltage. However, for

is suggested, in order to remain conservative.
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Appendix 4

Critical Flashover Voltage of the Voltage

Across the Tower Insulation,

The waveshape of the voltage the tower

shown by the solid line of Fig 4.1, is

across
insulation,
composed of a power—frequency voltage, UPF' a voltage
produced by the tower footing resistance, U
voltage produced by the tower, JU.

F and a
The decreasing
voltage on the tail of the surge voltage may be
described by a time constant, t. A further
simplified approximation of this voltage is shown by

the dotted line.

The critical flashover voltage for this non-standard
defined
voltage, UI' may be estimated by use of the leader

voltage waveshape, in terms of the crest
progression model of gap breakdown as discussed in
Chapter 5. The leader velocity equation selected

from Chapter 5 is:
vit) = ku(t) ult)/x - E, {1)

where v(t} is the leader the

voltage as diecribed by Fig 4.1, E, is the critical

velocity, u{t) is

leader starting gradient, x is the distance of the
unbridged gap, and kL is a constant. The value of E,
is primarily depended on the gap configuration or, in
more practical terms, on the c¢ritical flashover
voltage gradient for the standard lightning impulse
whereas the value of kL is primarily depended on the
the

upward curvature of the time-lag curve for

standard lightning impulse.

Considering a sample time lag curve (in this case,
for V-atrings) and using a value of 560 kV/m for the
pogitive polarity critical flashover voltage
gradient, a 3-ys chopped wave voltage of 1.38 times
the critical flashover voltage, USO' and assuming a
double the

lightning impulee, the values of these constants are:

expotential waveshape for standard

E, = 535.0 kV/m (2}

7.875 x 1077

Usons
A Yoltaqe
U
+Upr
Upp+AU-Y
Upr 1 e —
T -
Q ty Time
Fig 4.1 - voltage across tower ingulation.

- actual shape
____________ approximation

for x in meters and u{t) in kV. The resultant time-
lag curve displays a 2-ps chopped wave voltage of
1.66 times the critical flashover voltage.

Using equations 1 and 2, and employing regression
analysis, the critical flashover voltage of the non-
standard surge voltage of Fig 4.1, USONS' was found

to be best approximated by the following equation:
Usons/Us = | 0-977 + (2.82/:)] [1+¢ﬁu/uFﬂ
1~0.2(1+au/uF)(uPF/uso}|[1—0.09 (1+10/t){EU/UF”
exp-[ (AU/UL) (£,/13)] (2)
This equation was developed for values of r between

10 and 100 ps, for values of HU/UF between 0 and 1.0,
and for values of tf between 0.5 and & pg.
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Voltage on tower at point A

Final tower veltage, due only to footing
resistance

Voltage at top of tower

Veltage acroBs insulator, caumed by
footing resistance

Voltage at t = 2TT

Voltage at peint A, at T=2TT

Tower voltage drop, at crest voltage

Travelling wave velocity (with corona)
Travelling wave velocity, without corona
Leader velocity

Voltage component travelling in positive
direction

Voltage component travelling in negative

direction
Maximum tower width

Variable distance along lines
Normalising parameter in stroke front

representation

Surge admittance (ﬂ—l)

Conductor surge impedance, general (&7}
Phase conductor surge impedance

shield wire surge impedance

Conductor eurge impedance without corona
Tower surge impedance

Average tower surge impedance

Cuy-wire surge impedance



ii

Z..
L3

£{1)

£(1/t)

Surge impedance of conductor i

Mutual surge impedance between

coenductora i, j

Shield angle
"pParfect™ shielding angle
Reflection caefficient at tower /

adjacent towers

Constant, or reflecticn coefficient in
backflash analysis
Hormalising parameter in

electrogeometric analysia

Geometric aspect ratio

Tail time constant

foating

Normalising factor, tower

resistance

Normalieing factor, footing current

S0il resistivity

Correlation coefficient

Tower angle, general

8.854 x 10712 F/m
-7

4 x 10 H/m

Constanta

Distance between conduct i and the image

of conductor j.

Distance between conductors i, j

Velocity of light

Travel distance along line

gap clearance

Probability density function of the
atroke current I
Conditional prokability density function

of T given t

Variable height along a tower
Height from base to midsection
Height from midsection to top
Average height of the conductor

Height of conductor at tower

pu

8
ng

Instantaneocus current wvalue
Leader instantaneous current

Current variation with time

Leader progression constant

Earth electrode length
Insulator length

Leader length

Constant, exponent

Per unit

Leader charge pu length

Radius general, in electrogeometric
analysis

Radius to conductor, in electrogeometric
analysis

Radius to conductor shield wire in
electrogeometric analysis

Striking distance in electrogeometric
analysisa

Tower radius

Tower~top radius

Tower midsection radius

tower-base radius

hverage tower radius

Radius of conductor i

Electrode equivalent radius for corona
inception

Radii describing curvature 1, 2 of

electrode

Variable distance, along line of highest
field strength

Standard deviation in N cobservations

Time variable
Constants in stroke front representation

Time to breakdown

Front duration measured between 2kA and
the first current peak

Equivalent stroke front time, based on
I10 intercept

Equlivalent stroke front time, based on
IJO intercept

Derived stroke front time, using 530/90

Minimum eguivalent front time (IF/Sm)



Wavetail, time to half value
Leader gap crossing time
Streamer gap croaéing time
Corona inception time

Time at which voltage reaches

minimum value

reguired

u{t)

Up(t)

xl’

Yo

2

Gap voltage, instantaneous value
Voltage acress footing resistance

General variables
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